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Abstract 
The gas chromatograms of crude oil hydrocarbons reveal both resolved and unresolved components. The 
unresolved feature is commonly referred to as the unresolved complex mixture (UCM). UCMs are thought 
to result from the co-elution of complex mixtures of hydrocarbons with similar chemical properties and 
become more obvious as resolved components are removed by processes such as weathering and refining. 
Consequently UCMs are a prominent feature in oil-polluted sediments, biodegraded crudes and refineiT 
products. The characterisation of both aliphatic and aromatic unresolved complex mixtures (UCMs) of 
hydrocarbons, as well as their possible effects on the environment, is described. 
An aliphatic hydrocarbon UCM isolated from the base oil of Silkolene 150 lubricating oil was characterised 
by a combination of micro vacuum-distillation and oxidative degradation. Vacuum-distillation produced six 
distillate cuts and a residue which were all highly unresolved by GC (ca. 951/6). The average molecular 
weight of each cut was determined by probe CIMS (310 - 440 Daltons), and varied by -20 Daltons. Cr03 
oxidation of each fraction yielded similar distributions of n-monocarboxylic acids, ketones and lactones as 
well as C02 (ca. 6%). The resolved products of oxidation suggest that the aliphatic UCM is a rather 
homogeneous mixture of highly branched alkanes. However a significant amount of the products remain 
unresolved (UCMox.; ca. 70-95%). 
A retro -structural analysis approach, using an aromatic UCM oxidant (Ru04), combined with a mass 
balance approach, was used to characterise aromatic UCMs. Following reproducibility studies and the 
analysis of authentic aromatic compounds, the method was applied to the characterisation of unresolved 
aromatic refinery oil fractions and a suite of aromatic UCM distillate fractions. Selected refinery oils were 
separated into mono-, di-, tri- and tetraaromatics by BPLC and shown to be mainly unresolved by GC (ca. 
80%). Ru04 oxidation of these fractions yielded DCM soluble products (24 - 74%), water soluble products 
(0 - 10%) and C02 (12 -78%). The principal resolved products in each oxidation were monocarboxylic 
acids and dicarboxylic acids which were used to reconstruct precursor compounds. Vacuum-distillation of 
Tia Juana Pesado crude (Venezuela) gave six cuts and a residue which were analysed by GC, 1H NMP, UV 
and probe CIMS to obtain molecular weight (171 - 301 Daltons) and broad structural information whilst 
Ru04 oxidation was used to obtain molecular information via the retro -structural analysis approach. This 
showed that the aromatic UCM was in fact highly aliphatic and contained alkyl and cycloalkyl tetralins. 
A significant advancement in the quantitative characterisation of UCMOx. and subsequently the 
characterisation of aromatic UCMs was made. Ion cyclotron resonance spectrometry (ICR) was used to 
characterise the Ru04 oxidation products of selected refinery fractions. Analysis of the oxidation products of 
a monoaromatic refinery fraction indicated the presence of monocarboxylic acids (Cl - C21; 58%) and 
alicyclic carboxylic acids (C7 - C19; 16%), a hydrogenated monoaromatic sample contained monocarboxylic 
acids (Cl - C20; 30%), dicarboxylic acids (C2 - C11,7%) and alicyclic carboxylic acids (C7 - C18; 11%) , 
whilst a diaromatic fraction contained monocarboxylic acids (C10 - C19; 7%), alkyl phthalic acids (C8 - C17', 
17%) and cycloalkyl phthalic acids (C11 - C15; 3%). Retro -structural analysis suggests that the non- 
hydrotreated monoaromatic UCM is mainly comprised of alicyclic and alkyl substituted benzenes, the 
monoaromatic UCM isolated from the hydrotreated oil of alky'l and cycloalkyl substituted tetralins and the 
diaromatic fraction of alkyl and cycloalkyl naphthalenes. This was supported by, FIMS analysis of the 
fractions prior to oxidation. 
As an investigation of the environmental toxicity of UCMs, the effect of a saturated aliphatic UCM, and its 
chemical oxidation products, on the feeding rate of mussels (Mytilus edulis), was investigated. The UCM 
had little effect, whilst oxidation resulted in an increase in toxicity. The non-toxic nature of the 
hydrocarbons was attributed to their low aqueous solubility, whilst oxidation resulted in the formation of 
products NNith a greater solubility, which were sufficiently hydrophobic to be narcotic toxicants. 
Parts of this work have been published [Thomas et al., (1993) Organic Geochemistry, Falch Hurtigtrykk, 
Non%-ay (Abstract), 717-719; Thomas et al., (1995) [Vater Research. 29,371-382]. 
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CHAPTER ONE 
Introduction 
7-his chapter gives a brief overview of the occurrence and composition of unresolved 
complex mixtures (UCMs) of hydrocarbons in fossil fuels. More detailed descriptions 
are given in later chapters. 
1.1 General 
Despite advances in GC analysis, gas chromatograms of crude oil hydrocarbons reveal 
both resolved and unresolved components (Figure 1.00). The resolved components 
usually comprise n-alkanes, acyclic isoprenoids, alkylated benzenes, naphthalenes and 
phenanthrenes, whilst very little is known about the unresolved components which are 
thought to result from the co-elution of complex mixtures of hydrocarbons with similar 
chemical properties. This chromatographically unresolved feature is commonly referred 
to as the unresolved complex mixture (UCM, reviewed by Gough, 1989; Revill, 1992). 
Due to normalisation on the resolved compounds the UCM is not an obvious feature 
of the gas chromatograms of fresh crude oils (Figure 1.01), although removal of these 
resolved components by processes such as weathering and refining results in the 
enrichment of the UCM and consequently UCMs are a prominent feature in oil-polluted 
sediments, biodegraded crudes and refinery products (Figure 1.02). However, apart from 
a few inaugural studies (Rossini et aL, 1953; Clerc, et aL, 1955; Hood et aL, 1959), the 
composition of the UCM was not investigated until the late 1980s. Since then chemical 
degradation has been successfully used to obtain compositional information on both the 
aliphatic and the aromatic UCM (Gough, 1989; Gough and Rowland, 1990; Killops and 
Al-Juboori, 1990; Revill, 1992). Subsequently, extensive reviews are available on UCMs 
and therefore it is the purpose of this chapter to introduce the topic of UCMs in general 
and review any recent work which is not covered in later chapters. 
Briefly, both Gough (1989) and Killops and Al-Juboori (1990) used a combination of 
instrumental analysis and oxidative degradation (Chromium trioxide / acetic acid- 
Cr03/AcOH) to characterise UCMs isolated from a lubricating oil and biodegraded 
Alaskan crude, respectively. The resolved products of oxidation were identified as 11- 
monocarboxylic acids, alkyl ketones and y-lactones which, it was proposed, resulted 
from the oxidation of monoalkyl acyclic and monocyclic alkanes. It was also proposed 
that aliphatic UCMs are, in part, comprised of T-branched alkanes (Gough and 
Rowland, 1990). Revill (1992) used a combination of Cr03/AcOH and Ru04 oxidation 
to study the aromatic UCM isolated from a biodegraded Venezuelan crude (Tia Juana 
Pesado). Once again carboxylic acids, ketones and lactones were identified as being 
present in the Cr03/AcOH oxidation products, whilst carboxylic acids were identified as 
the main products of Ru04 oxidation. Following NMR and EIMS analysis of the 
unresolved acids which were observed, cycloalkyl and alkyl hydroaromatics were 
proposed as precursor compounds. Similar degradative methods (Cr03/AcOH) have 
also been used by Heath (1995) to characterise UCMs isolated from a waxy gas 
condensate and representative distillate cuts. 
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Figure 1.00. Gas chromatograrn of Bernicia fuel oil showing both resolved and 
unresolved components 
Figure 1.0 1. Gas chromatogram of a fresh condensate (Heath, 1995) 
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Figure 1.02. Examples of gas chromatograms exhibiting UCMs 
a. Polluted sediment extract (Readman et al., 1986). 
b. In reservoir degraded crude (Venezuela; this study). 
c. Lube oil base hydrocarbons (this study). 
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It is generally accepted that the origin of most UCMs is petrogenic. This is supported 
by the isolation of UCMs from sediments which have been shown by 14C-dating to 
occur 15000-26000 years BP. (reviewed by Gough, 1989) and the co-occurrence of 
UCMs and 'mature' biomarker profiles (Volkman and Maxwell, 1986). However, some 
non-petrogenic UCMs have also been reported (Venkatesan and Kaplan, 1982; Grimalt 
el aL, 1986). 
Kerogen is assumed to be the precursor of petrogenic UCMs (Revill, 1992). 
Essentially there are two theories for the formation of kerogen: degradation of 
biochemical macromolecules into individual sub units, followed by polycondensation and 
insolubilisation (Tissot and Welte, 1984) and selective preservation of residues from 
algae, bacteria and higher plants (Philp and Calvin, 1976). Revill (1992) investigated the 
origins of UCMs by simulating the catagenesis of both biogenic (cutan) and abiogenic 
(alkathene) kerogen surrogates using hydrous pyrolysis. Both experiments produced 
mixtures of compounds which included unresolved hydrocarbons (25-55%; Figure 1.03). 
This suggests that catagenesis of polymethylenic Type I and II kerogens produce a 
proportion of the UCMs found in oils. Oxidative degradation of these UCMs produced 
products (e. g. n-carboxylic acids) similar to those obtained when UCMs of oils were 
oxidised. Some important oil UCM oxidation products were not observed from the 
kerogen surrogates which were obviously far from perfect models. 
The refining of crude oil serves to enrich UCM components by removing resolved 
components. This is most apparent in gas chromatograms of lubricating oil hydrocarbons 
(Figure 1.02c). Unsaturated and aromatic compounds are generally removed from such 
mixtures by furfural extraction and n-alkanes are removed by solvent dewaxing thus 
leaving a fraction which is typically 80% unresolved by GC. When refinery conditions 
were chosen purely on the basis of the physical properties of the feedstocks and residues 
the absence of molecular information was of no particular concern. However, as the 
crude oils produced have become heavier (Figure 1.04) and the demand for fuel oil' has 
decreased, refinery upgrading processes such as fluid catalytic cracking (FCC) have 
become more important. In order to maximise the output of the higher value products 
such processes need to be optimised by controlling feedstock and residue composition. 
Only with compositional information can these processes be approached by 'molecular 
tailoring' (Altgelt and Boduszynski, 1994), whereby feedstocks are converted to specific 
high value products. Improvements are also required in terms of product quality as 
environmental regulations and constraints become more severe and thus become 
I The term fuel oil refers to the heavy distillate from refining processes which is used as fuel for power 
stations and industry. 
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Figure 1.03. Gas chromatograms of UCMs resulting from the hydrous pyrolysis of (a) cutan 
and (b) alkathene (Revill, 1992) 
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Figure 1.04, Change in API gravity of crude oils refined in the USA between 1980 and 11 1990 (Altgelt and Boduszynski, 1994) 
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increasingly difficult and expensive to meet. Greater compositional information may 
allow improvements in current methods. 
A substantial amount of refined and unrefined petroleum (2.4 million tonnes yr-1; 
Clark, 1992) is released into the marine environment of which used lube oil makes a 
significant contribution (30,000 tonnes yr-1 UK alone; NRA, 1995) and hence UCMs 
are common in the hydrocarbon extract of contaminated sediments and marine filter 
feeders. Whilst it is established that the oxidation of aromatic oil components results in 
an increase in toxicity (Larson et aL . 
1977; 1979). aliphatic UCM components appear to 
have little direct toxicological significance. The microbial degradation of aliphatic UCMs 
has been observed (Oudot and Dutrieux, 1989; Gough et aL, 1991) and oxygenated 
products are assumed to be formed. Little, if any, work has been carried out on the 
potential of the aliphatic UCM hydrocarbons as a source of polar oxidation products and 
their environmental effects. 
1.2 The present study 
The present study is intended to add to the current knowledge of UCMs. 
Chapter I has introduced the subject area and briefly summarised current areas of 
interest. 
Chapter 2 briefly investigates the use of chromyl chloride oxidation as an alternative 
method to the most widely reported Cr03/AcOH method for the oxidative degradation 
of UCM hydrocarbons. The method proved unsuitable so the Cr03/AcOH method was 
retained. The characterisation of an aliphatic UCM by fractionation into smaller UCMs 
prior to Cr03/AcOH oxidation is described. The resolved Cr03/AcOH oxidation 
products of each fraction are compared and inferences drawn. 
Chapter 3 reports the use of a retro- structural analysis approach, using an aromatic 
UCM oxidant (Ru04) combined with mass balance to characterise aromatic UCMs. 
Following reproducibility studies and the analysis of authentic aromatic reference 
compounds the method was applied to the characterisation of unresolved aromatic 
refinery fractions and a suite of aromatic UCM distillate fractions. 
Chapter 4 outlines the characterisation of both resolved and unresolved products of 
UCM oxidation (UCMOx. ). Enantio selective GC analysis of resolved y-lactones to 
improve current UCM fingerprinting techniques is described as well as the 
characterisation of UCMOx. by HPLC and ion cyclotron resonance spectrometry (ICR). 
7 
Chapter 5 proposes a method for assessing the toxic potential of UCMs in the 
environment by monitoring the effect of UCM oxidation products on the feeding rate of 
mussels (Mytilus edulis). 
8 
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CHAPTER TWO 
Characterisation of an Aliphatic Hydrocarbon UCM 
The limited number of previous studies of aliphatic hydrocarbon UCMs all employed a Avo- 
phase degradative UCM oxidation with Cr031AcOH reagent followed by GC-MS of the 
products. A prelinnnag investigation of the use of a homogeneous UCM oxidation system 
(vIZ. Cr02CI21CCI4. ) was made herem, usi . ng a model UCM hydrocarbon, synthetic 7- 
hexy/nonadecane. However major and irreproducible losses were incurred dile to the 
formation of water sohible acids al7d C02. The method was deemed unsuitable for 
reproducible UCM characterisation. 
A preliminaty investigation of the CrO oxidation products of the UCM hydrocarbons of 
Dulton 20 W 40 hibricating oil and a gel permeation fraction suggested a degree of 
homogeneity ivithin the aliphatic UCAII. Therefore an aliphatic UCM was isolatedftom the 
base oil of Silkolene 150 hibricating oil andfi-actionated by micro vacuum distillation to 
yield six smaller UCMs. These ivere then characterised by CrO31AcOH oxidation, GC and 
probe CIMS. Oxidation of the undistilled oil and distillate fractions yielded both resolved 
and unresolved products. GC-MS analysis revealed the resolved oxidation products to be 
carboxylic acids, ketones and lactones. Comparison of the product distribution and 
abundance suggests that the parent compOlInds within each distillate fraction are structurally 
similar, highly branched acyclic and monocyclic alkanes. 
2.1 Introduction 
(CHnH2n+i) 
It is only recently that detailed compositional information on aliphatic hydrocarbon 
UCMs has become available. To date, lubricating oils have been the most widely studied 
unresolved mixtures (Gough 1989; Gough and Rowland, 1991) although UCMs isolated 
from biodegraded crudes (Gough, 1989; Gough and Rowland, 1990; Killops and Al- 
Juboori, 1990) and gas condensates (Heath, 1995) have also been studied. Lube oils 
have been studied for a variety of reasons, but mainly due to their highly unresolved 
nature which results from refining and blending processes where the resolved n-alkanes 
are removed by solvent extraction and solvent dewaxing (Gough, 1989). 
Comprehensive reviews on the characterisation of UCMs are available (Gough, 1989, 
Revill, 1992). Briefly, elemental composition and physical property data (Rosslu et al., 
1953) on the lubricant fraction of Ponca City crude oil established that the alkane 
fraction is comprised mainly of alkylcyclohexanes. These prelinunary structures were 
later confirmed by EIMS (Clerc et al., 1955; Hood and ONeal, 1959). Hood et al. 
(1959) proposed structures for the monocyclic and acyclic structures present in the 
saturated fraction isolated from lubricating oil- 
(CH3)n (CH3)n 
(ry: = I- 5) 
and 
(CHnH2n+i) 
(n= 2 or 3) 
More recently, degradative methods have been employed to characterise aliphatic 
UCMs. Chromium (VI) oxide has been utillsed to oxidise unresolved complex mýixtures 
of saturated hydrocarbons to yield some resolved functionallsed compounds (Gough, n 
1989; Gough and Rowland, 1990; 1991; Killops and A. I-Juboori, 1990). Gough (1989) 
oxidised the saturated aliphatic UCM isolated from Silkolene 150 lube oil base 
9 
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hydrocarbon feedstock and identified n-monocarboxylic acids as major products with y- 
methyl-y-lactones, ketones and ct, c)-dicarboxylic acids as minor products. Monoalkyl 
acyclic (1) and monocyclic (11) alkanes were proposed as precursors (Figure 2.00). 
Gough (1989) and Gough et aL (1991) substantiated these proposed model precursor 
compounds further by biodegradation studies of synthetic model hydrocarbons including 
I and 11. A degree of resistance analogous to the aliphatic UCM was observed for both I 
and 11 which suggests that such structures are reasonable model UCM components. 
Killops and AI-Juboori (1990) used a combination of bulk analytical techniques (IH and 
13C NMP, FT-K UV, elemental analysis, EIMS and CIMS) and chromic acid oxidation 
to obtain structural information about a heavily biodegraded Alaskan crude oil and 
suggested a predominance of aliphatic hydrocarbons, of which acyclic (30%), mono- 
(40%) and di- (15%) cyclic compounds were abundant. Furthermore, they suggested 
aliphatic components with ca. 2.5 rings and alkyl chains up to C19 to be present. 
Precursor structures similar to those proposed by Gough (1989) and Gough and 
Rowland (1990) were postulated (Figure 2.00). Heath (1995) oxidised a gas condensate 
and various distillate cuts of the condensate using chromium (VI) oxide in an attempt to 
elucidate the composition of the unresolved portion (ca. 21%). The main products of 
oxidation were n-monocarboxylic acids with ketones and lactones present as minor 
products. 
(1) (11) 
Figure 2.00. Proposed model aliphatic UCM hydrocarbons (Gough, 1989) 
As discussed above, previous examinations of aliphatic UCMs by oxidative 
de radation (Gough, 1989; Killops and A-I-Juboori, 1990; Revill, 1992) utilised 91 
Cr03/AcOH as the main oxidant. Although these studies were successful and 
reproducible within operators (Revill, 1992), the reproducibility of the method is 
10 
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operator dependent (Table 2.00). This can be attributed in part to the in-homogeneity of 
the aliphatic UCM substrate with the biphasic Cr03/AcOH system. 
Table 2.00. Reproducibility of Cr03/acetic acid oxidation of Silkolene 150 base 
hydrocarbon feedstock 
Study Total yield 
N 
Oxidised yieldl 
N 
G&Rf 80 71 
ATR 95 71 
KVT 90 ± 9.8§ 63.7± 1.5§ 
Mean 
::: ] [- 
87.5 69.7 
G&R: (Gough and Rowland, 1990); ATR (Revill et al., 1992); KVT: (current author). 
fAverage of four analyses; I Average of three analyses; § Standard deviation 
I Oxidised material refers to that fraction not eluting with hexane from a silica gel chromatography 
column (see Section 6.5.1). 
Both Gough (1989) and Revill (1992) acknowledged the need for an alternative 
oxidant and both suggest chromyl chloride (Cr02CI2) as one possibility. Relatively few 
oxidants are both soluble in aprotic solvents and capable of cleaving fully saturated C-C 
and C-H bonds, - 
however, Cr02CI2 (e. g. Cainelli and Cardillo, 1984) and so called 'GIF 
reagents (e. g. Barton et aL, 1986) are examples. Cr02CI2 has been used in the past to 
oxidise a variety of saturated hydrocarbons (Table 2.01). 
The oxidation of saturated hydrocarbons with chromyl chloride results from the 
formation of an adduct which upon hydrolysis yields the oxidation products. The latter 
are typically carboxylic acids, aldehydes and ketones. Hobbs and Houston (1954) 
observed that the presence of an alkene with the alkane substrate increased the rate of 
reaction and concluded that the products of oxidation derived from attack at tertiary C- 
H bonds which arise via alkene intermediates. Oxidation of decalins with chromyl 
chloride or chromium trioxide gave similar products (Table 2.02), therefore it is assumed 
that the two mechanisms of oxidation are analogous to each other. Cr02Cl2 would 
therefore appear to be a suitable alternative to Cr03/AcOH with the advantage that it is 
soluble in DCM and hence oxidation takes place in homogenous solution. 
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Table 2.01. Summary of saturated hydrocarbons previously oxidised by Cr0202 
Compound Yield Time Product(s) Reference 
%) (days. ). 
methylcyclohexane 53 - mix of ketones and Cainelli & Cardillo 
aldehydes (1984) 
n-hexane 32 7 2-hexanone, Hobbs & Houston 
3-hexanone (1954) 
cyclohexane 90 90 cyclohexanone Hobbs & Houston 
(1954) 
met ylcyclohexane 25 - cyclohexanecarbox- Tillotoson & 
aldehyde Houston (1950) 
- Not given in reference. 
Most previous studies of aliphatic UCMs (e. g. Gough, 1989; Revill, 1992) have 
concentrated on the undifferentiated UCM fraction. In an attempt to achieve better 
resolution Gough (1989) used gel permeation chromatography (GPQ1, a technique 
theoretically involving a purely mechanical separation based on molecular size, to 
separate the aliphatic fraction of a commercially available lubricating oil (Dulton 20 W 
40) that had been treated by dialysis to remove high molecular weight polymeric 
additives (Figure 2.0 1). No quantitative data was obtained although qualitative data was 
acquired by GC (Figure 2.02) which established that a degree of separation was 
achieved. Of the two fractions obtained, the first fraction to elute (Fl) contained the 
higher molecular weight material (C27 - C41) C33 max. ). The second fraction (F2) 
comprised the bulk of the UCM hydrocarbons (ca. C18 - C37ý C28 max. ). Although some 
overlap was noted (C27 - C37), the most notable effect of GPC was the removal of UCM 
alkanes in the region of the pentacyclic triterpanes, which was attributed to the fact that 
molecular dimensions as well as molecular weight are important criteria in the 
mechanisms involved in GPC (Philip and Anthony, 1986). Gough (1989) concluded that 
the application of GPC to the characterisation of aliphatic UCM was limited, although it 
may be of use for the preparative fractionation of complex hydrocarbon mixtures prior to 
chemical analysis. 
Other techniques which may be suitable for the fractionation of complex hydrocarbon 
mixtures include molecular sieves, in particular zeolites (e. g. Armanios et al., 1992) for 
I Size exclusion chromatography (SEC) is nowadays used as a more descriptive term for GPC. 
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which a wide variety of pore sizes are available; multidimensional GC or 'heart-cut' GC 
(e. g. Rubey and Mazer, 1986; Rubey, 1993) whereby a small cut from the GC analysis of 
a sample is taken and re-analysed isothermally on a different stationary phase, or on a 
slow temperature ramp; and distillation. Of the three techniques, distillation is perhaps 
the most readily accessible and most commonly used in the petroleum industry (Pedersen 
et al., 1989), and is suitable for the preparative fractionation of complex hydrocarbon 
mixtures. 
2.2 Aims 
Specifically, the aims of the study were: a) to investigate the use of an alternative 
chemical oxidation method to Cr03/AcOH for the reproducible degradation of UCM 
hydrocarbons and to compare the results with the Cr03/AcOH oXidations used in 
previous investigations. The alternative oxidant chosen was Cr02CI21CC14, - and, (b) to 
fractionate further UCMs by vacuum micro-distillation prior to oxidation. 
2.3 Results and Discussion 
2.3.1 Chromyl chloride oxidation of model aliphatic UCM hydrocarbons 
Oxidation conditions were modified from those of Haines (1985), and validated by a 
series of trial experiments using a proposed model UCM hydrocarbon, 7- 
hexylnonadecane, as a substrate (Table 2.03). Recoveries were poor (17-44%) and 
analysis by GC and GC-MS failed to reveal any identifiable products (Figure 2.03). Since 
the mechanism of Cr02CI21CC14 oxidation is similar to that of Cr03/AcOH the products 
of Cr02CI2/CC14 oxidation would be expected to be similar to those observed by Gough 
(1989) for Cr03/AcOH, i. e. resolved n-acids and ketones. However, none of the 
expected products were observed. 
A mass balance approach was used to examine the method more closely. The method 
employed was modified from that of Standen (1992). Briefly, DCM soluble products, 
water soluble oxidation products and C02 were all deternuned quantitatively. TItrimetric 
analysis Of C02 production was reproducible (75 ± 1.7%) when determined by trial 
experiments with the addition of HCI to BaC03 in known molecular weight ratios. An 
example of the mass balance calculation is shown in Appendix 11. 
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Table 2.03. Summary of the Ci-02CI2 oxidation of 7-hexylnonadecane 
7-FRýD Time Molar ratio 
Total 
recovered 
Unoxidised Oxidised 
OXIdation (mg) (hr) Cr02CI2. material 7-HND 
products 
11 1 1 
7-HND 
1 (mg) NI 
N 
1 51.0 5 20: 1 8.6 (16.8) 14.8 2 
2 54.2 5 20: 1 23.7 (43.7) 42.0 2 
3 57.1 21 20: 1 11.2 (19.6) 13.8 5 
4 83.6 6 12-1 23.4 (27.9) 12.3 16 
5 76.0 5 2: 1 30.8 (40.5) 29.2 12 
7-HND-. 7-hexylnonadecane 
Triplicate mass balance analyses of the Cr02CI21CC14 oxidation of 7-hexylnonadecane 
gave variable results (Table 2.04). A recovery experiment gave poor recovery of the 
internal standard (decachlorobiphenyl, DCB; - 37%) suggesting significant losses 
during work up since it is known that DCB is not prone to oxidation under these 
conditions (G. Nickless, personal communication). This, along with poor reproducibility, 
was possibly due to difficulties in the work up procedure. C02 production and the 
recovery of 7-hexylnonadecane were inversely correlated suggesting that over-oxidation 
of the alkane to C02 was occuring. C02 and unoxidised substrate accounted for only - 
22% of the total recovery for the third mass balance oxidation (C), whilst 49% was 
recovered as water soluble products. GC and GC-MS (Figure 2.04) and comparison of 
retention indices revealed these to be mainly n-butanoic and n-pentanoic acids, although 
branched monocarboxylic acids (C4 and C6) were also tentatively identified. 
To summarise, the recovery of the oxidised products for Cr02CI21CC14 oxidation of 
7-hexylnonadecane was erratic. The mass balance approach showed that complete 
oxidation of the alkane to C02 caused the major losses whilst minor losses were 
incurred by the formation of water soluble products and during work up procedures. It is 
concluded that the technique is probably not a suitable method for the reproducible 
oxidation of UCMs- Other modes of oxidation such as 'GEF' systems (e. g. Barton el al., 
1986) should be investigated. The mass balance methodology should play an important 
part in the verification of other oxidation techniques. 
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Figure 2.04a. Gas chromatogram of 7-hexylnonadecane Ci-02CI2 water soluble 
oXidation products (as butyl esters) 
U)undance - Scan 461 (6.79S min). 0301003.0 
140000 
S7 
120000 
103 
100000 
41 pentanoic acid (as butyl ester) 
80000 
60000 
40000 5 
73 
20000 
116 A 
129 293 314 342 
1 
, 40 4 10 loo ljo 140 140 lio 360 2iO 2ýO 2iO 2io 
i0o 
3 2' 
ýi 
4' 
'0 
Figure 2.04b. El mass spectra of water soluble oXidation products 
19 
Co 10 cu 0 
Table 2.04. Mass balance of the Cr0202 oxidation of 7-n-hexylnonadecane 
7-n- Theoretical Experimental Unoxidised Water Total 
Oxidation ID*4D C02 yieldt C02 yield 
C02 7-HND soluble recovered 
(mg) (mg) (mg) N N products products 
I I I I I 
N N 
A 50.5 157.8 493 312 2.9 N/A 315 
B 49.9 155.9 4.4 2.8 98.0 N/A 100.8 
C 49.7 155.3 8.8 5.6 16.9 48.7 71.2 
7-HND: 7-hexylnonadecane. N/A: Not analysed. 
T Assuming 100% oxidation to C02- 
2.3.2 Chromium trioxide oxidation of aliphatic UCMs 
2.3.2.1 Oxidation of aliphatic UCM GPC fractions 
Following the suggestions of previous authors (Gough, 1989; Revill, 1992), that 
UCMs be fractionated prior to degradative analysis, a prelirmnary investigation was 
carried out. GPC fraction 2 (F2), obtained from the size exclusion chromatography of 
the saturate fraction of Dulton 20 W 40 base hydrocarbon feedstock (Gough, 1989), and 
the total saturate fraction were oxidised with chronýum trioxide. 
Oxidation was carried out according to the micro-scale method of Revill (1992). The 
recovery of oxidation products for the total saturates (88%) was comparable with those 
values obtained by both Gough (1989) and Revill (1992) for sirMlar oils, whilst the 
recovery of F2 oxidation products was lower (58%; Table 2.05). The major resolved 
oxidation products of the total saturates were identified by GC-MS (Figure 2.05) and by 
plotting their retention indices versus carbon number (Figure 2.06), as n-monocarboxylic 
acids (C6 - C22) CII max. ) with a strong even over odd predominance between C14 and 
C16. Also identified as minor products were methylketones (C8 - C22; C13 max. ) 
including a secondary series of iso-methyl branched methylketones, and a series of y- 
lactones (see Table 2.06. for summary). GC-MS analysis of sample F2 (Figure 2.07) 
gave similar products (Table 2.06) with n-monocarboxylic acids (C8 - C221 C13 max.; 
even over odd predominance between C14 and C19) identified as major products and 
methylketones (C8 - C2 1; C 13 max. ), iso-methyl branched methlketones, and a series of 
-lactones as minor products. 
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Gough (1989) attributed the origin of the n-monocarboxylic acids to oxidation of 
monoalkyl branched acyclic (or possibly monocyclic) alkanes, with the monoalkyl 
substituent sufficiently long (C6- C20) to prevent adduction by urea and to account for 
the observed carbon number range of the n-monocarboxylic acids. A summary of the 
mechanism for the oxidation of branched alkanes is shown in Figure 2.08. Alkan-2-ones 
were suggested to arise from oxidative cleavage of a methyl substituted alkyl chain. 
Likewise, iso-alkan-2-ones were suggested to arise from precursor alkanes containing 
two methyl group substituents, with at least one methyl group at the 2- position of the 
alkyl chain. The y-methyl-y-lactones were thought to originate from the intramolecular 
esterification of 4-hydroxy-4-methyl carboxylic acids which are produced from oxidation 
of alkanes with dialkyl substituted chains (Figure 2.08). 
Table 2.05. Aliphatic UCM oxidations 
Sample Mass (mg) Productsf (mg) Recoveryl 
Dulton total sats 9.1 8.0 88 
Dulton GPC F2 sats 7.6 4.4 58 
Silkolene 150G 42.3 35.2 83 
Silkolene 150R 2.0 1.9 95 
Total products including oxidation products and residual UCM. 
Determined by weight. 
G: Gough (1989); R: Revill (1992). 
The distribution of oxidation products of Dulton total saturates does not appear to 
differ very significantly from that of GPC F2 except that the latter had a higher 
proportion of longer chain n-monocarboxylic acids (Figure 2.09). This indicates that the 
compounds within the total saturate sample and F2 are structurally similar and differ in 
alkyl chain length (e. g. highly branched monoalkyl acyclic and monocyclic alkanes) 
rather than consisting of a range of different compound types. This suggests a degree of C 
homogeneity within the aliphatic UCM. It also appears that the composition of the 
aliphatic UCM isolated from Dulton lube oil is very similar to that of the saturated UCM 
isolated from Silkolene 150 lube oil (Gough, 1990). This prelimýinary investigation of 
only two samples is, however, limited in scope and it was considered that the UCM 
composition warranted further study. Consequently, a more complete suite of sub- 
fractions from an aliphatic UCM was obtained by distillation of a lube oil and analysed 
by a combination of instrumental and degradative techniques. 
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2.3.2.2 Fractionation of Silkolene 150 base hydrocarbon feedstock by vacuum 
micro-distillation 
Following limited success with molecular sieves (ultra-stable Y zeolite) and gel 
permeation chromatography (GPC; Sephadex LH-20; Thomas, unpublished results) 
vacuum micro -distillation was chosen to fractionate further an aliphatic UCM prior to 
analysis by chemical degradation. Distillation is often the first step in the comprehensive 
compositional analysis of petroleum (Altgelt and Boduszynski, 1994) and provides 
fractions of known boiling range for further compositional analysis. Oxidation of these 
fractions should then yield a simpler range of products than oxidation of the total UCM. 
A vacuum mi cro- distillation system similar to true boiling point distillation was used to 
fractionate Silkolene 150 lube oil base hydrocarbon feedstock (see Chapter 6 for 
experimental details). Distillate cut temperatures were determined by extrapolation of a 
linear regression line calculated by the least squares method (Figure 2.10). Six fractions 
were collected, in addition to the un-distilled residue (Figure 2.11). Distillation data are 
summarised in Table 2.07. The aliphatic fraction was then isolated from each cut by the 
method of Gough (1989- see Section 6.3a- Table 2.08). 
Table 2.07. Vacuum micro-distillates of Silkolene 150 lube oil 
Fraction 
Cut temp 
CC, 760 torr)'l 
A tual head - A 
temp. ('C), 
ht Weig 
(%) 
Cumulat' Ive 
weight (%) 171 
1 440 158 7 7 
2 470 180 1.3 20 
"I 475 200 8 28 
4 480 208 15 43 
5 490 206 8 51 
6 500 220 17 68 
Residue > 00 >220 32 100 
Head temperature corrected to 760 torr. 
Measured head temperature at 0.1 torr. 
2.3.2.3 Molecular analysis of Silkolene 150 distillate UCM fractions 
GC analysis of the distillate fractions revealed a series of smaller UCMs (Figure 2.12). 
The percentage of unresolved components, as determined by the time slice area 
measurement (Appendix 1), is shown in Table 2.09. Probe CIMS analysis (Figure 2.1. ) (i) 
and (ii)) of the distillate cut saturates provided a mean and mode molecular weight for 
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each fraction. The mean molecular weight of each cut differed typically by between 10 
and 20 Daltons (Table 2.09). The average molecular weight for each cut was also 
determined from the average Kovats index value for each fraction. However, these 
values did not correlate well with those calculated using CIMS. This is probably due to 
the highly branched nature of the aliphatic UCM components (Gough and Rowland, 
1990) which have smaller KI values than n-alkanes. This was confirmed by FDMS 
(Figure 2.13b) of the undistilled Silkolene 150 saturates, which showed that the UCM 
ranges from 320 - 570 Daltons (C23 - C39), with a few other alkanes up to 647 Daltons 
(C46) also present, whereas GC retention indices showed a UCM ranging from only KI 
1990 to KI 3700 (C19-C37)- 
Table 2.08. Isolation of Silkolene 150 distillate cut UCMs 
Cut number Alkanes (%)§ UCM (%)T 
1 80 89 
2 79 74 
85 86 
4 87 84 
5 88 91 
6 85 82 
Residue 85 77 
Total 86[80 ±33] 72[91±-')] 
S Obtained by column chromatography and Ag' TLC (% of cut). 
Obtained by urea adduction (non-adduct = UCM) expressed as a proportion of total alkane fraction. 
]: Values obtained by Gough (1989), n=4. 
Gough and Rowland (1990) showed that for simple C20 - C30 'T-branched' alkanes 
(e. g. 1, Section 2.1) there were 5' 36 possible isomers. Using a purpose written computer 
program (Lewis, 1991) and CIMS data (Figure 2.13) for the mass range of each cut, it 
was possible herein to calculate the number of possible 'T-branched' alkane structures 
theoretically present in each fraction (Table 2.09). These data show that the distribution 
of alkanes in each distillate fraction is indeed reduced compared to the undistilled oil, 
which of course is self-evident, but additionally the data give an indication of the 
complexity of even the lowest boiling distillate (> 500 compounds). 
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In summary, distillation of Silkolene 150 base hydrocarbon feedstock yielded six 
fractions. GC analysis indicated that these are still largely unresolved (ca. - 96%) 
mixtures. Probe CIMS showed the mean molecular weight between cuts differs by 10-20 
Daltons. This has resulted in a reduction of possible structural diversity within each 
fraction but even the simplest fraction is still predominantly UCM. 
2.3.2.4 Oxidation of Silkolene 150 distillate fractions 
The Cr03/AcOH oxidation method of Gough (1989) was improved so that losses due 
to C02 production were also monitored (see Section 6.5.1). This modification was 
validated by triplicate oxidation of 7-hexylnonadecane (Table 2.10). Unlike the Cr02CI2 
method (section 2.3.1), measurement of low molecular weight water soluble acids was 
not possible due to the acetic acid medium used in the Cr03 method. 
Table 2.10. Cr03/AcOH oxidation of 7-hexylnonadecane 
Oxidation Mass 
Mass 
Cr03 C02 (0/0) 
DCM 
soluble % 
Total Unaccounted 
(mg) 
(mg) (mg) 
for (%) 
1 44.3 133 23 61(27.0) 84 16 
2 50.1 144 18 58(29.2) 76 24 
3 41.9 146 18 63 (33) 81 19 
Oxidation of 7-hexylnonadecane produced a mixture of products in moderate yield. 
DCM soluble products accounted for 61 ± 2.5% and C02 20 ± 2.9%. GC and GC-MS 
(Figure 2.14) revealed the DCM soluble products were n-monocarboxylic acids, alkyl 
ketones and unoxidised 7-hexylnonadecane (Table 2.11). These products are also 
reported by Gough (1989). The presence of a minor homologous series of n- 
monocarboxylic acids (C7 - C13) is thought to be due to secondary oxidation of alkyl 
ketones (Gough, 1989). It is also possible that secondary oxidation yields acids < C6 
which are lost in the water soluble phase and may contribute to the 'unaccounted for' 
portion (20 ± 4%) of the mass balance. 
The Silkolene 150 undistilled oil and distillate cuts were each oxidised using the 
modified CrO, /AcOH method (Table 2.12). The recovery of total oxidation products 
varied typically from 51 - 88% with C02 production typically low (ca. 2- 27%) and 
DCM soluble products accounting for between 46 % and 84 % of the total recovery 
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Figure 2.14. Partial gas chromatogram of the DCM soluble Cr03/AcOH oxidation 
products of 7-hexylnonadecane (see Table 2.11., below for peak identity) 
(J&W DB-5,25m, 40-3000C g 50C min-1, H2 camer gas) 
Table 2.11. Products and mass spectral data for the Cr03/AcOH oxidation of 7- 
hexylnonadecane 
Product Name Major ions (% abundance)* 
A n-tndecan-7-one 58(95), 71(55), 85(6), 128 (26), 198 (5) 
B n-dodecanoic acid 74(100), 87(48), 183(10), 214(8), 
C n-nonadecan-7-one 58(100), 71(89), 113(74), 128(30), 
197(28), 212(8), 282(2) 
D 7-n-hexylnonadecane 57(100), 182(30), 266(28), 267(38), 352 (0.2) 
* Adapted from Gough (1989) 
38 
00 C%j co cu CD 
cu Cki C\i Cl) 
Table 2.12. Cr03/AcOH oxidation of aliphatic Silkolene 150 UCM and distillate cuts 
Fraction Mean mol 
wt. (Daltons) 
Mass (mg) Mass Cr03 (mg) 
Molar 
oxidant 
substrate 
ratio 
Yield (mg) 
1 316 49.8 158 - 1: 10 30.4 
2 333 58.0 150 it 41.2 
3 35 49.6 141 It 35.8 
4 366 49.5 137 it 35.2 
5 386 50.2 130 23.3 
6 398 56.0 126 31.2 
Residue 440 57.8 114 48.7 
Total 346 53.0 145 18.6 
Blank 140 0.7 
Table 2.13. Product recovery for the Cr03/AcOH oxidation of aliphatic Silkolene 150 
UCM and distillate cuts 
C02 DCM soluble o) Total Unaccounted* 
Fraction N Total Oxidised 
(% resolved) 
Unoxidised 
1 27 61 56(26) 2 88 12 
2 3 71 58(29) 8 74 26 
3 6 72 58 (33) 4 78 22 
4 3 71 60(25) 3 74 26 
5 5 46 19(27) 5 51 49 
6 2 56 35 (33) 4 58 42 
Residue 4 84 49(27) 12 88 12 
Total 2 83t 611(29) - 85 15 
t n=6, Un-1=25 
I n=41 Cyn-1=12 
* Assumed to be water soluble acids (not analysed). 
39 
(Table 2.1 -3 )). However, cut I 
did release a substantial amount (27%) Of C02 when 
oxidised, which correlated with the low DCM soluble product recovery. This may be 
due to an experimental anomaly which resulted in over oxidation of the sample, causing 
an increase in the amount Of C02 released. 
GC-MS analysis (Figure 2.15a-f) revealed homologous series of 17-monocarboxylic 
acids, with series of n-alkan-2-ones, iso-alkan-2-ones and y-lactones as minor products 
(see Table 2.14. for summary). Additional confirmation of identities was obtained by 
plotting Kovats indices versus carbon numbers (Figure 2.06). 
Gough (1989) showed that to account for the range of acids identified (n-C6 - n-C22) 
the alkyl chains within the Silkolene 150 UCM saturates must vary from C6 to C22- 
Alkyl chains < C6 would be lost as low molecular weight acids in the water soluble 
phase. Distillate cut I therefore has alkyl chains varying in length from C6 - C18- 
Similarly for cuts 2- residue; see Table 2.14. 
The products of oxidation for each distillate cut (Figure 2.16) differed slightly in 
distribution and abundance (as a% of the total oxidation products) but not in 
composition. The difference in distribution can be attributed to the varying carbon 
number range of components within each fraction following distillation (Table 2.09). The 
products of oxidation of distillate cut 5 are slightly different from the oxidation products 
of other fractions in that minor products are absent (iso-methyl ketones and y-lactones). 
The distribution of compounds within each cut appears to be similar with numerous 
isomers of branched compounds present, namely highly branched monoalkyl acyclic and 
monocyclic alkanes (Gouggh, 1989). 
Although the resolved oxidation products of each fraction were similar, a substantial 
amount (71 ± 4%) of the oxidised material still remained unresolved. There appears to 
be little difference between the oxidation products of each fraction in the amount of 
unresolved products observed (Table 2.13). This may suggest that there are similarities 
between the composition of each unresolved complex mixture of oxidised products, 
although further work is required before any firm conclusions can be drawn. C 
2.4 S tj ni ma ry 
Reduction of the structural diversity of the UCM by distillation into smaller UCMs 
surprisingly did not result in a major increase in resolution of the distillates after 
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oxidation. Cr03/AcOH oxidation gave n-monocarboxylic acids as major resolved 
products with n-alkan-2 -ones, iso- alkan-2- ones and y-lactones as minor products. A 
substantial portion (71 ± 4%) of the isolated oxidation products still remained 
unresolved. Comparison of the distribution and abundance of the resolved oxidation 
products revealed minor differences, although the composition of each cut was similar. 
As well as DCM soluble products a partial mass balance of the oxidation of each cut 
showed the proportion Of C02 produced was also similar. Mass balance also revealed an 
unaccounted portion which is possibly due to low molecular weight water soluble acids 
(< CJ It is inferred that the compounds within each fraction are structurally similar and 
appear to be comprised of mixtures of highly branched alkanes. Along with the 
preliminary experiments on Dulton lube oil and the results of Gough (1989) for a Shell 
paraffinic lube oil, it IS tempting to suggest that this homogeneity extends to other lube 
oils. However, further compositional detail of the unresolved oxidation products is 
required before any further conclusions can be made (see Chapter 4). 
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CHAPTER THREE 
Characterisation of Aromatic Hydrocarbon UCMs 
Selective oxidation with Ru04 and mass balance was used to characterise complex 
mixtures of aromatic hydrocarbons. The method was validated by oxidation of a suite of 
authentic aromatic hydrocarbons and then used to characterise selected aromatic 
refineq oil HPLC fractions. Oxidation yielded both 170ii-acidic and acidic DCM 
soluble products (ca. 76Yo), water sohible products (ca. 12 Yq) and C02 (I YO) of which a 
substantial portion remained unresolved (ca. 72016). It is proposed that the unresolved 
DCM soluble acids are similar to those observed in the water sohible phase but posses 
higher molecular -weight. This information is used to propose possible precursor 
compounds, namely alkyl substituted tetralins for a hydrotreated heavy cycle oil 
monoaromatics and branched- and n-alkyl substituted benzenes for non-hydrotreated 
heavy cycle oil monoaromalics. 
The same approach was then used to characterise distillate fractions of an aromatic 
UCM isolated fi-om biodegraded Tia Juana Pesado crude oil. Molecular weight and 
broad structural information was obtained by probe CIMS, IH AMR and UV 
spectroscopy whilst molecular information was obtained by Ru04 oxidation. An 
absence of homogeneity was observed within the aromatic UCM. Retro-structural 
analysis suggests that the aromatic UCM compOt7ents are in fact highly aliphatic with 
evidencefor hydroaromatic al7dlor alAyl bridging grozps. 
3.1 Introduction 
Until about 1989 the composition of aromatic UCMs was more-or-less uninvestigated. 
Since then, a few oxidative studies have been applied to investigate aromatic UCM 
composition (Gough, 1989; Revill, 1992) but detailed compositional information remains 
scant. 
Initial elemental composition and physical property data (Rossirui et al., 1953) suggested 
that the aromatic components of UCMs are comprised mainly of tetrahydronaphthalenes (1), 
dinaphthenonaphthalenes (11) and naphthenophenanthrenes (111). EIMS studies (Clerc et al., 
1955; Hood and ONeal 1959) later confirmed this. 
UO uC 
CO 
I Id 
III 
More recently, following spectroscopic and dehydrogenation studies on aromatic 
petroleum hydrocarbons, Fracasiu and Rubin (1987) proposed a monoaromatic structure 
with an aliphatic side chain containing two to four alicyclic rings. Gough (1989) used a 
combination of instrumental analyses (EIMS, GPC and FIMS) and oxidative degradation 
(chromium (VI) trioxide) to study the aromatic UCM isolated from a lubricating oil. Cr03 
oxidation produced mainly n-monocarboxylic acids, with (x, co-dicarboxylic acids, y-lactones 
and ketones as minor products. Combined with the instrumental data this led Gough (1989) 
to propose a substituted monoaromatic structure (IV) for some aromatic UCM components. 
(IV) 
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Figure 3.00. m1z 74 chromatogram of aromatic vi 1992) 1 UCM Ru04 oxidation products (Re 
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Killops and AI-Juboori (1990), working on the total hydrocarbon fraction of a 
biodegraded Alaskan crude oil, used a similar combined approach. Cr03 oxidation produced 
n-monocarboxylic acids as major products and (x, o)-dicarboxylic acids and 
mono cycloalkanoic acids as minor products. The only structural inferences made were that 
saturated cyclic moieties were important in the aromatic fraction. 
These inaugural degradative studies all investigated aromatic UCMs isolated from 
sources with a low aromatic content (< 10 %), and it is unclear how generally applicable 
any conclusions drawn from them are. 
Revill (1992) used both chromium (VI) trioxide and ruthenium tetroxide to investigate the 
aromatic UCM isolated from a biodegraded crude oil (Tia Juana Pesado Crude [TJP], 
Venezuela). Since there appears to be no satisfactory chemical or physical method for the 
removal of resolved components from aromatic UCMs prior to further study, Revill (1992) 
isolated the aromatic UCM of biodegraded TIP oil from which the resolved components had 
already been removed by natural bacterial action (ca. 95 % unresolved by GQ. This was 
then characterised by a combination of oxidative and non-oxidative techniques (GC, GC- 
MS, FDMS, UV) IR and UVF). Oxidation with Cr03 produced mainly n-monocarboxylic 
acids, with substituted ketones and lactones as minor products. Oxidation with ruthenium 
tetroxide also produced n-monocarboxylic acids but the nilz 74 chromatogram (typical of 
carboxylic acid methyl esters) revealed a significant oxidised UCM, suggesting the presence 
of acidic unresolved products (Figure 3.00). Subsequent spectroscopic analysis of the I-) 4- 
oxidised UCM led Revill (1992) to suggest that these unresolved acidic products were 
diacids formed by the ruthenium tetroxide oxidation of alkylated naphthalenes and he 
proposed t. hat naphthenoaromatic compounds such as those shown in Figure 3.01 were 
important constituents of the aromatic UCM. 
OT 0 7"'ýo ýx o, ýý 000, ý 
Figure 3.01. Proposed aromatic UCM hydrocarbons (Revill, 1992) 
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The ruthenium tetroxide (Ru04) reagent used by Revill (1992) is typically formed by the 
reaction of a low valence precursor (RuC13.3H20) with a co-oxidant (Na104) in water and 
its use to oXidise hydrocarbons is usually followed by the extraction of the oxidised product 
into chloroform. Ru04 is a useful reagent for the oxidation of alcohols, ethers, aldehydes, 
amides, alkenes and aromatic compounds and numerous comprehensive reviews on its 
applications are available (e. g. Courtney, 1986; Standen, 1992). Applications of Ru04 
oxidation to elucidate structural information have included coals (Stock and Tse, 1983. 
Mallaya et aL, 1984; Stock et aL, 1985; Stock and Wang, 1985,1986; Olson and Diehl, 
1984; Olson et aL, 1987), asphaltenes (Trifilieff, 1987), bitumen (Strausz and Lown, 1991) 
and kerogens (Boucher et aL, 1990,1991; Standen et aL, 1991; 1992). Standen (1992) also 
attempted to elucidate structural information from a Forties (North Sea, UK. ) crude oil by 
Ru04 oxidation, but observed very little increase in the percentage of resolved components 
and therefore did not investigate the sample further. As Ru04 has become used more 
frequently for the structure elucidation of complex mixtures of organic compounds a 
number of model aromatic compounds have been oxidised (Spitzer and Lee, 1974; Stock 
and Tse, 1983; Olson and Diehl, 1984). Compounds which have been previously oxidised 
and are of interest to this study are surnmarised in Table 3.01. 
Investigation into the reactivity of Ru04 towards aromatic species (Ilsley et al., 1986) 
demonstrated the variable reaction of alkylbenzenes at different Na104 co-oxidant to 
substrate ratios. The results suggested that the oxidation products were susceptible to 
further degradation. However, as far as is known no mechanism has been proposed for the 
Ru04 oxidation of alkylbenzenes, and in view of its versatility surprisingly little research 
into the mechanisms of Ru04 reactions has been carried out. However, it is known that in 
the case of alkyl benzenes, the benzene fing is preferentially attacked at the ipso- carbon by 
Ru04, preserving any alkyl substituents as aliphatic carboxylic acids: 
r RU04 
"0 HOOC'--'ýR 
Na104 
HO 0 C, 
*_. R+ 
C02 
whereas the aromatic ring is oxidised to C02 and hence reflected in the % C02 evolved. 
Alicyclic rings would be expected to give diacids whilst any alkyl substitution on the 
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aromatic ring would give ct, co-dicarboxylic acids for a bridging group and a monocarboxylic 
acid for a simple alkyl substituent group. We may term the reconstruction of the precursor 
substrate molecule retro- structural analysis, by analogy with retrosynthesis (Figure 3.02). 
Table 3.0 1. Summary of model aromatic hydrocarbons previously oXidised by Ru04 
Compound Conversion Product (Yield, %) Reference 
Butanoic acid, 95 Stock and Tse, 
I -Phenylpropane 76 Propiophenone, 5 1983 
Propanoic acid, trace 
2-Methylbutanoic acid, 95 Stock and Tse, 
2-Phenylbutane 76 2-Phenyl-2-butanol, 1 1983 
Tetradecanoic acid, 91 Stock and Tse, 
I -Phenyltridecane 70 Tetradecanophenone, 9 1983 
Hexanedioic acid, 75a, 36b Stock and Tse, 
Tetralin 100 8a I -Tetralone 
198-, a .3; Spitzer and , 
Pentanedioic acid,, 17a 
Lee, 1974b 
Pentanedioic acid, 77 Stock and Tse, 
Indan 100 Butanedioic acid, 7 1983 
1 -Indanone, 16 
Butanedioic acid, 35 Stock and Tse, 
1,2-Diphenylethane 75 Hydrocinnamic acid, 63 1983 
2-Phenylacetophenone, trace 
Benzoic acid, 4 Stock and Tse, 
Diphenylmethane 80 Phenylacetic acid, 41 1983 
Benzophenone, 32 
Pentanoic acid, trace Stock and Tse, 
4-Pentylbiphenyl 74 Hexanoic acid,, 51 1983 
Benzoic acid, 54 
4-Pentylbenzoic acid, 38 
(4-Phenylphenyl)butylketone, 3 
Phthalic acid, 70 Spitzer and Lee, 
Naphthalene 1974 
Phthalic acid,, 24 Spitzer and Lee, 
1 -Methyl naphthalene 3-Methylphthalic acid, 6 1974 
continued overleaf.. 
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Phthalic acid, 50 Spitzer and Lee, 
2-Methylnaphthalene 4-Methylphthalic acid, 5 1974 
Phthalic acid, 25 Spitzer and Lee, 
2,3 -Dimethylnaphthalene - 1974 
Butanoic acid, trace Stock and Tse, 
I -Butylnaphthalene 90 Pentanoic acid, 48 1983 
Phthalic acid, 49 
3-Butylphthalic acid, 43 
Phthalic acid, 5 Stock and Tse, 
Phenanthrene 100 2,2'-Biphenyldicarboxylic acid, 1983 
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Phenanthroquinone, 4 
Butanedioic acid, 2 Stock and Tse, 
9)10- 81 Phthalic acid, 7 1983 
Dihydrophenanthrene 3-(2-Carboxyphenyl)-propionic 
acid, 32 
2,2'-Biphenyldicarboxylic acid, 
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Figure 3.02. Retro- structural analysis 
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A mechanism for the Ru04 oxidation of naphthalene has been proposed (Spitzer and 
Lee, 1975); 
0 
11 
O-Ru=O 
e1 0 UUO 
+ RUO 4-- 
CC 
0 
L 
H0 
00 RuýO 
H 
slow 
30- 
0 OH 
1 
UxuýU 
RU04 
COOH 
COOH 
Two processes occur; the first is a rapid second order reaction yielding a ruthenium (VI) 
species whilst the second is a slower rearrangement of the intermediate. It has also been 
observed that the substituents exert a substantial directive effect on the oxidation of 
substituted naphthalenes (Spitzer and Lee, 1974). In cases where the substituent is electron- 
donating, the ring is activated and phthalic acid yield increases. When electron-withdrawing 
groups are present the substituted ring is protected, and a mixture of products observed. 
Previous Ru04 oxidations of polycyclic aromatic hydrocarbons gave contrasting results; 
Courtney (1986) states that even though the bonds of polynuclear hydrocarbons, which 
exhibit considerable double-bond character, would be expected to be cleaved by RU04, the 
oxidation of phenanthrene yields 9,10-dihydrophenanthroquinone. However, Stock and Tse 
(1983) observed 2,2'-biphenyldicarboxylic acid as the major product and 9,10- 
dihydrophenanthroquinone only as a minor product. This important difference is possibly 
due to the more efficient biphasic system used by Stock and Tse (1983). 
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3.2 Aims 
The main aim of the present study was to add to the structural information already known 
about aromatic UCMs from previous investigations. Specifically, the aims were to utilise the 
relatively successful Ru04 method used by Revill (1992) to oxidise aromatic UCMs, but 
also to incorporate a mass balance approach whereby the DCM soluble recoverable 
oxidation products, water soluble recoverable products and C02'production were all 
determined quantitatively. This was to be achieved by; (1) Ru04 oxidation of model aromatic 
hydrocarbons to evaluate the method; (ii) Oxidation of relatively 'simple' IHPLC 
fractionated aromatic refinery fraction UCMs; (ill) Oxidation of a complete suite of aromatic 
distillate fraction UCMs from a biodegraded crude oil UCM. 
3.3 Results and Discussion 
3.3.1 Ruthenium tetroxide oxidation: mass balance 
Revill (1992) successfully used Ru04 to oxidise the aromatic UCM isolated from UP 
crude and examined the DCM soluble products by GC-MS in an attempt to obtain structural 
information. In an endeavour to gain further structural information the present study 
employed a mass balance approach whereby not only the DCM soluble recoverable 
oxidation products but also the water soluble recoverable products and C02, which is 
directly derived from the destruction of the activated aromatic ring (Carlsen et al., 1981), 
were determined quantitatively. The method of Revill (1992) was significantly modified to 
incorporate the C02 trapping method of Standen (1992) (see Section 6.5.3). 
Mass balance was accomplished as follows, 
(i) DCM soluble oxidation products were quantified, mainly as methyl esters, by GC of a 
known amount of sample using methyl d5-benzoate ester as an internal standard. DCM 
soluble oxidation products. were expressed as a percentage of the initial substrate. 
(ii) Acidic H20-soluble oxidation products were quantified (following their isolation), as 
their butyl esters, by GC of a known amount of sample using butyl d5-benzoate ester as 
an internal standard. H20 soluble oxidation products were expressed as a percentage of 
the initial substrate. 
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C02 was estimated titrimetrically and expressed as a percentage of the total possible 
C02 production. 
Examples of mass balance calculations for both standards and samples are shown in 
Appendix 11. 
3.3.2 Ruthenium tetroxide oxidation of model aromatic hydrocarbons 
The Ru04 method incorporating the mass balance procedure was validated by triplicate 
oxidation of I-phenyldecane and tetralin (Table 3.02). 
I-Phenyldecane 
Total recovery and reproducibility for I-phenyldecane was good (101.3 ± 1.5, n=3). 
Undecanoic and decanoic acid (analysed as their methyl esters, Figure 3.03) and C02 were 
the main products. No water soluble products were observed. These results correspond well 
with the well documented Ru04 oxidation of alkyl benzenes (Lee and van der Engh, 1973; 
Carlsen, 198 1; Stock and Tse, 1983; Olson and Diehl, 1984; Revill, 1992); 
R RU04 
-)0- HOOC llý R+ HO 0 C,., 
R+ 
C02 
Na104 
-70% Race -30% 
Tetralin 
On the other hand, whilst oxidation of tetralin was found to be relatively reproducible 
(RSD 9.8%) the recovery of oxidation products was poor (42%). The principal products of 
oxidation were identified by GC and GC-MS (Figure 3.04) as I-tetralone and hexanedioic 
acid (adipic acid), as reported in the literature (Spitzer and Lee, 1974; Stock and Tse, 1983; 
Olson and Diehl, 1984); 
RU04 
-ý HO 0C 
0: ) 
Na104 COOH 
3%*[-57%] 
(*Mean values, n=3, see Table 3.0 1) 
[theoretical yields] 
+ 
4%*[-5%] 
C02 
36%*[-38%] 
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Table 3.02. Reproducibility of ruthenium tetroxide oxidation 
DCM 0 C02 0) Water Total (%) Unaccounted Compound 
N 
C H 
74 26 0 100 0 
q jq 
r 
72 31 0 103 -3 
1 -Phenyldecane 
68 31 0 99 1 
Mean 71.3 29.3 0 101.6 -0.6 
Cyn- 1 3.1 2.9 0 2.1 - 
1 29 1 31 69 
5 39 5 49 51 
Tetralin 5 39 3 47 53 
Mean 4 36 3 42 58 
Cyn- 1 2.3 5.8 2.0 9.8 - 
Since the recovery Of C02 and DCM soluble products is in line with theoretical values it can 
be assumed that the poor recovery is due to losses of water soluble products. Other workers 
have also reported the poor recovery of Ru04 oxidation products of tetralin (Djerassi and 
Engle, 1953; Spitzer and Lee, 1974), whilst more recently Olson et al. (1987) reported the 
loss of dicarboxylic acids during the Ru04 oxidation of coals. Attempts were made herein to 
explain the loss of hexanedioic acid during the Ru04 oxidation of tetralin. The efficiency of 
the ether liquid-liquid extraction procedure and subsequent formation of the butyl esters was 
determined using a known mixture of hexanedioic (adipic) acid and pentanedioic (glutaric) 
acid and was found to be only 60%. However, even this poor rate of recovery does not 
account for the major losses (58%) observed. A NaOH trap was then used to trap any losses 
due to volatilisation. Less than 1% of the diacid was observed within the trap-, this 
effectively rules out losses due to volatilisation. 
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In order to observe whether these losses were apparent for other aromatic hydrocarbons, 
Ru04 oxidation of a suite of authentic aromatic hydrocarbons was investigated. The results 
are surnmarised in Table 3.03. 
2-Ethyltetralin (1) 
Previous observations (Lee and van der Engh, 1973, SpItzer and Lee, 1974-7 Stock and 
Tse, 1983; Table 3.01) suggested the main products of oxidation would be 3- 
ethylhexanedioic acid (2) and 2-ethylpentanedioic acid (3); 
RU04 
KX 
ý H02C-lý C02H 
(1) 
H02C C02H 
+ 
(3) 
0 
01 
+ C02 
(4) 
However, following GC and GC-MS no major oxidation products were identified and 
overall yield was low (3 1 %). As with tetralin, the recovery of water soluble products was 
poor (< 1%). The amount Of C02 and DCM soluble products was close to the expected 
values. Benzyl methyl ether and I- ethyl- 3,4- dicarb oxycyclohexan-2- one were tentatively 
identified by comparison of their mass spectra with library spectra (Figure 3.05), but were 
only minor products. 
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5-Ethyltetralin (5) 
The expected products of oxidation of 5-ethyl tetralin are hexanedioic acid (6), propanoic 
acid (9), and C02: 
RU04 
H02CN,,,,,, ýýC02H 
(5) (6) 
0 
0 
(8) 
+ H02C,,.,,,.,, ýC02H 
(7) 
+ '--ý, ýC02H 
(9) 
+ C02 
However, oxidation of 5-ethyltetralin produced a more complex mixture of compounds in 
moderate overall yield (51%, Table 3.03). GC and GC-MS (Figure 3.06a) revealed 
hexanedioic acid, pentanedioic acid and butanedioic acid (as their butyl esters) in the water 
soluble fraction. The DCM soluble products remain unidentified (Figure 3.06b). Water 
soluble acids were recovered in poor yield (2%) and propanoic acid was not observed. The 
formation of hexanedioic acid and pentanedioic acid has been observed previously from the 
oxidation of tetralin (Stock and Tse, 1983; Olson and DieW, 1984). The presence of 
butanedioic acid suggests that some further oxidation of the C5 and C6 diacids has occurred. 
Whilst this might eventually give methandioic acid which is not measurable by the methods 
used as it co-elutes with the solvent front when analysed as the butyl ester, this is thought to 0 
be unlikely as extensive further oxidation would increase the amount Of C02 produced and 
this was not observed. 
9-Phenyleicosane (10) 
The Ru04 oxidation of 9-phenyleico sane gave good overall recovery (109%). GC and 
GC-MS (Figure 3.07a) of the DCM phase revealed 2-octyldodecanoic acid (11) as the 
major component. 
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As expected for an alkylbenzene, the benzene ring was attacked preferentially, and the 
alkyl substituent was preserved in the form of an aliphatic carboxylic acid. As with I- 
phenyldecane, GC revealed no water soluble products. 
9-Ethylfluorene (12) 
Oxidation of 9-ethylfluorene produced a mixture of compounds. GC and GC-MS (Figure 
3.08a) show the major components to be o-phthalic acid (13), 1,4-dihydroxynaphthalene 
(14), 2-(l-oxopropyl)benzoic acid (15), fluoren-9-one (16), two unidentified compounds 
and C02, 
OH 
RU04 
ý01 
101 
(12) 
C02H 
C02H 
C02H 
ý010 
OH 
+ 
C02 
(15) (16) 
All the products identified were present in the DCM phase. Fluoren-9-one was found to be 
present in the 9-ethylfluorene sample prior to oxidation and therefore it may not be a true 
oxidation product. Although small amounts of phthalic acid (as dimethyl phthalate) were 
found in the procedural blank (Figure 3.09) the large amount of phthalic acid present in the 
Ru04 oxidation products of 9-ethylfluorene cannot be attributed solely to reaction artefacts. 
Water soluble products were not analysed as they were lost prior to analysis, hence the 
overall recovery could not be assessed (Table 3.03). From previous observations and the 
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oxidation of model compounds within this study it is expected that 2-ethylpropandioic acid 
and ethandioic acid would have been present in the aqueous phase. 
I-Ethylnaphthalene 
Oxidation of I-ethylnaphthalene (17) produced a mixture of products. GC and GC-MS 
(Figure 3.10a) of the DCM phase revealed the presence of o-phthalic acid (13), 1,4- 
dihydroxynaphthalene (14), 2-(I-oxypropyl)benzoic acid (15; acids as methyl esters) whilst 
GC and GC-MS (Figure 3.1 Ob) of the aqueous phase revealed propanoic acid and butanoic 
acid (as their butyl esters). Overall recovery was good (104%). Spitzer and Lee (1974) 
observed that oxidation of alkyl substituted naphthalenes resulted primarily in the formation 
of phthalic acid (Table 3.00). Other workers (Stock and Tse, 1983) have reported 
contrasting results whereby when 1-butylnaphthalene was oxidised 3-butylphthalic acid, 
pentanoic acid and butanoic acid were observed as products, but the distribution of these 
products was not made clear. The absence of 3-ethylphthalic acid in the oxidation products 
of I -ethylnaphthalene supports the pioneeering work by Spitzer and Lee (1974). 
RU04 
06 
301. 
(17) 
0 
oio 
OH 
'ý-ýC02H 
C02 
+ 
The above results establish that Ru04 oxidation provides a method whereby aliphatic 
structural substituents of monoaromatics are largely preserved. Oxidation of a suite of 
standards shows that the mass balance approach has advantages but also limitations. Mass 
balance oxidation of alkyl substituted aromatics and alkyl naphthalenes was quantitative. 
Structural information on hydroaromatic compounds is more limited due to the poor 
recovery of some products of oxidation. The products of oxidation of alkyl tetralins with 
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TIC: 0701 
substitution > C4 would be expected to be recovered in the DCM soluble phase. The results 
presented in Table 3.03 and previous observations (Spitzer and Lee, 1974; Stock and Tse, 
1983; Olson and Diehl, 1984) indicate that the pattern of reactivity is relatively simple. 
Relatively secure structural information might reasonably be expected from oxidation of 
more complex mixtures of unknown aromatic hydrocarbons. To test this theory some 
fractionated crude oils were examined. 
3.3.3 Ruthenium tetroxide oxidation of refinery fractions 
3.3.3.1 General 
Refinery fractions of hydrocarbons from the BP refinery at Grangemouth, UK. were 
chosen for oxidation as they represent relatively simple mixtures of aromatic hydrocarbons 
and because detailed structural information is required to update control of refining C 
processes. At present, refinery processes are controlled using a simple system based on the 
physical properties of the feedstock. In order to maximise refinery 'added value' by 
improving the product quality, a careful control of feedstock composition is required. For 
this to be achieved, compositional information is required together with a fundamental 
kinetic and statistical model of the refinery processes. Ru04 oxidation was investigated as a 
method of obtaining such detailed compositional information. 
All samples were refined fractions of Forties (North Sea, UK) crude oil. These fractions 
are post-distillation products produced by vacuum distillation and cracking of the 
atmospheric distillation residue (Figure 3.11). 
Two of the oils selected for this study (Light Gas Oil (LGO); Bpt. 200-350'C; Heavy 
Cycle Oil (HCO); 350-509'C, cracked) were collected after the fluid catalytic cracking stage 
of the refining process, whilst the HCO refinery fraction was also collected following 
additional hydrotreatment process (Hydrotreated Heavy Cycle Oil (HT-HCO); Bpt. 350- 
509'C; cracked and hydrotreated). The LGO fraction was chosen due to its relatively simple 
composition whilst HCO and HT-HCO were chosen as the hydrotreatment of HCO would 
be expected to produce a greater amount of hydroaromatic structures in the HT-HCO 
sample. The effectiveness of Ru04 oxidation in discriminating any structural differences 
between the HCO and HT-HCO samples, in particular the increased abundance of 
hydroaromatic structures, could then be tested. A combinative approach, as adopted by 
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Gough (1989), Killops and AI-Juboori (1990) and Revill (1992), was used whereby 
instrumental analysis and oxidative degradation complemented each other. Prior to 
oxidation the fractions were simplified further by preparative IIPLC into mono-, di-, tri- and 
tetra-aromatic fractions. 
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Figure 3.11. Refining of crude oil (simplified) 
3.3.3.2 Molecular analysis of selected refinery fractions 
Elemental analysis of the LGO, HCO and HT-HCO refinery fractions is summarised in 
Table 3.04. 
Table 3.04. Elemental data for selected refinery fractions 
Sample c H S(%) H/C Mean C 
no. 
HCO 89.5 8.1 1.6 1.09 18.5 
HT-HCO 89.4 9.0 0.2 1.21 19.7 
76 
The HCO WC ratio (1.09) and average carbon number of 18.5 (calculated from low eV 
MS data) suggests the presence of naphthalenes linked to naphtheno naphthalenes and/or 
alkyl substituted phenanthrenes, although other possibilities exist (Table 3.05). HT-HCO 
has an average carbon number of 19.7, which, along with the WC ratio (1.21), suggests the I= 
presence of an increased amount of hydroaromatics, characteristic of the hydrotreatment 
process. The difference in Z-number' data for both samples is shown graphically in Figure 
3.12. 
20 
18 
-6-0 16 
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2 
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Z-number 
-0- HCO .-..... A HT-HCO 
Figure 3.12. Z-number data for HCO and HT-HCO Z: ) 
3.3.3.3 Fractionation of selected refinery fractions by HPLC 
The refinery samples were fractionated by aromatic ring content into mono-, di-, tri- and 
tetra- aromatic fractions, using preparative UPLC (IIP method IP-3391/90). The resulting 
distribution of aromatic hydrocarbon types within the three samples is summansed in Table 
3.06. LGO and HT-HCO comprised predominantly mono- and di- aromatic hydrocarbons 
(91.7% and 93.0%, respectively), whilst HCO exhibited a more even range across the nng Z: ) In 
classes. The large difference between the ring class distribution of HT-HCO and HCO was 
due to hydrogenation during hydrotreating, which for HT-HCO effectively decreased the 
polycyclic aromatic hydrocarbon content with a concurrent increase in the monoaromatic 
'The hvdrogen defficiency value (Z) of hydrocarbons can be defined as: CH and can be calculated from n 2n+z 
the number of double bonds, DB, and rings, R, in the molecule by the equation- Z=-2(R+DB-1) (Altgelt and 
Boduszynski, 1994) 
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-8 -13 -18 -23 -28 -3 -3) -. 38 
Table 3.05. Elemental analysis for HCO and HT-HCO refinery fractions (Adapted from 
Revill, 1992) 
Aromatic H/C Ratio H/C Ratio General 
Hydrocarbon Z Valuet (C19 aromatic) (C20 aromatic) Formula 
R 
C 
-6 1.68 1.70 CnH2n-6 
0: 
WR 
WRCO 
co 
TZ value = CnH2n+z; 
-8 1.57 
-10 1.47 
-12 1.37 
-14 1.26 
-16 1.16 
-18 
1 
1.0: 5= 
HCO (WC= 1.09) -; 
1.60 
1.50 
1.40 
1.3 
1 
1.2 
__]I 
1.1 
CnH2n-8 
CnH2n-10 
CnH2n-12 
CnH2n-14 
CnH2n-16 
CnH2n-18 
HT-HCO(WC=1.21) 
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Table 3.06. Ring class distribution and average molecular weight data for refinery BPLC 
fractions 
Fraction Weight (% of total) 
Weight (% of 
aromatics) 
Average molecular 
weight 
(Daltons)f 
LGO-mono 16.3 53.4 176 
LGO-di 11.7 38.3 175 
LGO-tri 2.5 8.3 211 
HCO-mono 8.6 13.5 260 
HCO-di 18.2 28.3 23 7 
HCO-tri 24.7 38.3 23) 
HCO-tetra 12.8 19.9 260 
HT-HCO-mono 40.5 66.1 '1300 
HT-HCO-di 16.5 26.9 267 
HT-HCO-tri + 4.3 7.0 263 
f Determined by low eV MS. 
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hydroaromatic components. This is supported by the elemental analysis data for the whole 
refinery fraction (Table 3.04) which showed a higher IVC ratio for HT-HCO. Six of the 
refinery FIPLC fractions were chosen for further analysis. LGO mono-, di- and tri- aromatics 
were selected for their relatively simple composition and HCO mono- and diaromatics and 
HT-HCO monoaromatics to ensure that structural changes due to the increased abundance 
of hydroaromatic structures resulting from hydrotreatment could be detected. 
Gas chromatograms of the refinery BPLC fractions and the percentage of resolved 
components present (estimated by time slice area measurement, Appendix 1) are shown in 
Figure 3.13. The average molecular weight of each fraction, which is needed for calculation 
of the stoichiometry of reagents for Ru04 oxidation, was determined by low eV high 
resolution mass spectrometry (Table 3.06). 
3.3.3.4 Oxidation of HPLC fractions 
LGO-monoaromatics 
Ru04 oxidation of the LGO monocyclic aromatic fraction gave a reasonable overall 
recovery (66%; Table 3.07). DCM soluble oxidation products accounted for 3 7%, water 
soluble acids 3% and C02 26%. Isolation of the acidic DCM soluble oxidation products 
(24%; base extraction) and subsequent GC-MS (Figure 3.14a-e) showed a series of n- 
monocarboxylic acids (C6-14) maximising at C8 and a ri-ýinor series of lso- and anteiso- 
monocarboxylic acids (C8-10). Homologous series of Ru04 oxidation products were 
identified by comparison with library spectra and confirmed by a plot of their extrapolated 
Kovats index values against carbon number (Figure 3.15). These acids can be assumed to 
arise from alkyl substituents on the monoaromatics in LGO (see Section 3.3.2. and Stock 
and Tse, 1983; Olson and Diehl, 1984). GC-MS (Figure 3.14e) of the water soluble acid 
oxidation products showed a series of ii-monocarboxylic acids (C3-6), 3-methylbutanoic acid 
and cyclohexanecarboxylic acid. Cyclohexanecarboxylic acid has been reported to be formed 
by Ru04 oxidation of I-phenylcyclohexane (Courtney, 1986)- and suggests that such 
compounds are present within the sample. 
0-0 RU04 
Na104 
COOH 
c+ 
C02 
80 
LGO-monoaromatic fraction (72 % unresolved) 
CQ z 
LGO-diaromatic ffaction (35 % unresolved) 
CO (D CU a CD w Go I%j 10 110. MM (w tv 
Figure-33. I '33a. Gas chromatograms of LGO mono-, di, and triaromatic HPLC fractions 
(J&W DB-5,25m, 40-3000C @ PC niin. -I, H2 carrier) 
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kr) kr) 
LGO-diaromatics 
Oxidation of the LGO diaromatic fraction gave lower overall recovery (55%; Table 
3.07). DCM soluble oxidation products accounted for 24%, C02 3 1% and water soluble 
acidic oxidation products less than 1%. GC-MS analysis (Figure 3.16a) of the DCM soluble 
products revealed a series of n-monocarboxylic acids (C5-10)- Also present were 
cyclohexanecarboxylic acid and phenylethanoic acid. The latter has been reported as a 
product of the oxidation of 1,2-diphenylethane (Olson and Diehl, 1984); 
RU04 
Do COOH + -COOH 
cc 
Na'04 
00 
(70%) (12%) 
(18%) 
This indicates the presence of such compounds within the LGO sample. GC-MS (Figure Cý 
3.16d) of the water soluble acidic oxidation products revealed the presence of butanoic acid 
only. The absence of any diacids in the water soluble acid fraction suggest an absence of any 
short ('ýý CO bridging groups and tetralin type groups within the sample. 
HCO-monoaromatics 
Oxidation of HCO monocyclic aromatics gave good overall recovery (89%; Table 3.07). 
DCM soluble oxidation products accounted for 76% of the overall products. Analysis of the 
DCM soluble products (Figure 3.17a) revealed the presence of a series n-monocarboxylic 
acids (C7-22), maximising at C12, and a series of iso- and anteiso- monocarboxylic acids 
(C8-18). A significant amount of the acidic oxidation products remained unresolved (49.5%) 
(Figure 3.17a). Water soluble acidic oxidation products accounted for < 1% of the overall 
products. GC-MS (Figure 3.17d) revealed the presence of n-monocarboxylic acids (C-,, -5). 
C02, which accounted for only 12% of the overall products , is 
directly derived from the 
destruction of the activated aromatic ring (Carlsen et aL, 198 1). As with previously oxidised 
alkyl monoaromatic model compounds (Tables 3.00 and 3.03; Stock and Tse, 1983) the 
amount Of C02 produced correlated with the degree of un-substituted aromatic ring carbons 
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present within the sample. The low amount Of C02 produced therefore suggests that the 
sample is highly aliphatic in nature. 
HCO-diaromatics 
Oxidation of the HCO diaromatics aromatic fractions gave poor overall recovery (38%; 
Table 3.07). DCM soluble products accounted for 26%, C02 12% whilst no water soluble 
acids were identified. GC-MS analysis (Figure 3.18) revealed the presence of a series of n- 
monocarboxylic acids C5-10, cyclohexanecarboxylic acid and phenylethanoic acid. 
HT-HCO-monocyclic aromatics 
Oxidation of the hydrotreated HCO monoaromatiCS2 gave reasonable overall recovery 
(69%; Table 3.07). DCM soluble oxidation products accounted for 42%, water soluble 
acids 10% and C02 17%. GC-MS analysis (Figure 3.19a) of the DCM soluble acids 
revealed a homologous series of n-monocarboxylic acids (C8-19; C13 max. ) and a series of 
iso- and anteiso-monocarboxylic acids (C9-16). Once again a significant unresolved portion 
was observed for the DCM soluble acids (72%). GC-MS (Figure 3.19d) of the water 
soluble acids revealed a series of n-monocarboxylic acids (C3-5), branched monocarboxylic 
acids (2-methylpentanoic acid and 3-ethylbutanoic acid), ct, co-dicarboxylic acids (C2-6) and 
branched dicarboxylic acids. The n-monocarboxylic acids arise from alkyl substituents on 
the aromatic ring (chain lengths Cn-1) whilst the (x, o)-dicarboxylic acids and branched 
dicarboxylic acids may be derived from oxidation of either an alicyclic ring (e. g. tetralin) or 
of an alkyl bridging group (e. g. diphenylbutane). 
Ru04 
>- 
HO0C3 00 
Nal04 HOOC 
C6 diacid 
RU04 
HOOC 
10 looo"ý Na104 HOOC: 
D 
C6 diacid 
2 Hydrotreated Heavy Cycle Oil monocyclic aromatics (HT-HCO-mono) refers to the isolation of the 
monoaromatic fraction from the hydrotreated whole oil and subsequent isolation as opposed to isolation of 
HCO monoaromatic fraction and its subsequent hydrogenation by the hydrotreatment process. 
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C5 and C6 dicarboxylic acids may arise from both precursors but C2 and C4 dicarboxylic 
acids are almost certainly derived from secondary oxidation since formation of a C4 diacid 
would otherwise require oxidation of a strained cyclobutane or an alkyl bridging group 
which should be absent in a mono-aromatic fraction. In comparison with the monocyclic 
aromatic fraction of HCO prior to hydrotreatment there is increased evidence for the 
presence of hydroaromatics as would be expected following hydrogenation of aromatic 
groups within the whole oil sample. This is supported by the elemental data (Table 3.04) for 
the whole oil. 
Summary 
Ru04 oxidation of relatively simple refinery HPLC fractions has established that the 
method is effective at oxidising hydrocarbon mixtures. A total mass balance of each fraction 
is shown graphically in Figure 3.20. A significant proportion remains unaccounted for. 
Oxidation of model aromatic compounds (Section 3.3.2) suggest that this is possibly due to 
the loss of low molecular weight water soluble acids (< - C6)- 
The principal resolved products in each oxidation were n-monocarboxylic acids with iso- 
and anteiso- monocarboxylic acids as minor resolved products. Other homologous series of 
compounds included diacids present in the aqueous phase. C02 was also an important 
product of oxidation. As stated previously, C02 production correlates with the degree of 
unsubstituted aromatic ring carbons present. The retro- structural analysis approach allows 
all this data to be used to obtain structural information (Figure 3.21). 
Monocarboxylic acids arise from alkyl substituents on the aromatic ring (chain lengths Cn- 
1) whilst dicarboxylic acids may be derived from oxidation of either an alicyclic ring or an 
alkyl bridging group. Other minor oxidation products such as cyclohexanecarboxylic acid 
and phenylethanoic acid may be derived from alkylated homologues of phenylcyclohexane 
and diphenylethane, respectively. The low amount Of C02 observed from the oxidation of 
monoaromatic fractions (Table 3.07) may be affected by the aliphatic content of the 
fractions since HPLC does not completely fractionate alkyl monoaromatic hydrocarbons 
from aliphatic hydrocarbons. However, low C02 production is also observed for the 
diaromatic fractions, which do not contain aliphatic material so the consistently low 
production Of C02 suggests that the aromatic structures are in fact highly aliphatic in nature 
(i. e. have long alkyl side chains). 
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The absence of identifiable resolved diacids in the oxidation products of LGO-mono, 
LGO-di, HCO-mono and HCO-diaromatic fractions indicates the absence of hydroaromatic 
structures and/or alkyl bridging groups within these samples. However, a major proportion 
of the oxidation products still remain unresolved. Gough (1989) showed that for a C20-C30 
'T-branched' alkane, there were 536 possible isomers. The large number of isomers possible 
could, therefore, explain the presence of an acidic UCM. Hence, it may be reasonable to 
assume that the acidic UCMs observed in the DCM fractions of the above samples (Figure 
3.17) are due to branched monocarboxylic acids sin-fflar to those observed in the water 
soluble phase but with a larger molecular weight. This again indicates a prevalence of 
branched alkyl benzene structures within the monoaromatic fractions. 
Diacids were more prevalent in the oxidation products of HT-HCO. The retro- structural 
analysis approach (Figure 3.21) implies the presence of alkyl tetralins and/or higher 
hydroaromatics. However, any alkyl hydroaromatic with substitution >- C4 would produce 
diacids which would be present in the DCM soluble phase. Revill (1992) showed that for 
alkyl tetralins between C20 and C30 the number of isomers, excluding stereoisomers, totals 
576. Therefore it may be reasonable to assume that branched diacids produce the acidic 
UCM (Figure 3.19). Further analysis of this acidic UCM is required before any firm 
assignments can be made, but the retro- structural analysis approach does allow a 
compositional distinction to be made between the hydrotreated and non-hydrotreated 
samples (Figure 3.21). 
In conclusion there is evidence to suggest that LGO-mono, LGO-di, HCO-mono and 
HCO-diaromatic fractions contain little or no hydroaromatic structures and/or alkyl bridging 4=ý 
groups (Figure 3.21b). It is reasonable that the absence of diacids in the water soluble phase 4D 
(< C6) is accompanied by the absence of such diacids in the unresolved portion of the DCM 
soluble phase. Therefore, it is expected that the acidic UCM present in the oxidation 
products of the above samples is comprised mainly of mixtures of branched monoaromatics 
derived from branched alkyl benzenes. The hydrotreated HCO-monoaromatic sample 
showed a similar distribution of monocarboxylic acids to the HC 0 -mono aromatic fraction 
but with a more dominant acidic UCM. Diacids dominated the composition of the water 
soluble acids and it may be reasonable to suggest that the acidic UCM observed in the DCM 
soluble phase is comprised mainly of diacids derived from alkyl tetralins and / or higher 
hydroaromatics. Further analysis is required to confirm this (See Chapter 4. ). 
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3.3.4 Ruthenium tetroxide oxidation of aromatic UCM 
The above combinative approach, utilising instrumental analysis and Ru04 oxidation was 
next used to characterise distillate fractions of an aromatic UCM isolated from biodegraded 
UP crude. Micro-vacuum distillation was used to fractionate the UCM. Probe CIMS, 
FDMS) IH NMR and UV spectroscopy were all used to obtain molecular weight and broad 
structural information. Ru04 oxidation, incorporating the mass balance approach was used 
to obtain molecular information via the retro-structural analysis approach. 
3.3.4.1 Fractionation of UP crude by vacuum micro-distillation 
Distillation has long been used in the petroleum industry for the acquisition of 
compositional information of C10 to C20+ components of crude oils (Pedersen et aL, 1989). 
Some workers argue that for crude oils, distillation should precede any other separation 
method as this provides a very important set of data in its own right (Altgelt and 
Boduszynski, 1994). During the present study a basic distillation system akin to true boiling 
point (TBP) distillation used within the petroleum industry was used by the author to 
fractionate 'whole' UP crude oil (see Chapter 6 for details). Distillate cut temperature as 
determined by extrapolating a linear regression line which was calculated by the least 
squares method (Figure 3.22). Six fractions were collected as well as the residue. 
Distillation data is summarised in Table 3.08. The aromatic fraction from each distillate was 
then isolated by the method of Davies and Wolff (1990) (Table 3.09). The residue 
comprising the bulk of the UCM hydrocarbons also contained the highest percentage of 
aromatic hydrocarbons (Figure 3.23). 
3.3.4.3 Molecular analysis of UP distillate aromatic fractions 
As expected, GC of the distillate fractions revealed a series of smaller UCMs (Figure 
3.24). The percentage of resolved components, as estimated by the time slice area 
measurement (Appendix 1), is shown in Table 3.10. Quite significant overlap is observed 
between consecutive fractions but overlap between alternate fractions is minimal. The most 
notable effect of the vacuum micro-di still ation revealed by GC was the increase in the 
percentage of resolved components within the aromatic distillate fractions when compared 
with GC of undistilled whole oil aromatic fraction (Table 3.10). 
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Table 3.08. Data from the vacuum n-&ro-distillation of UP crude 
Fraction Cut temp. 
('C, 760 torr) 
Actual head - 
temp. ('C) 
Weight (%) Cumulative 
weight (%) 
1 270 100 17.4 17.4 
2 310 120 9.3 26.7 
3 350 140 15.1 41.8 
4 380 180 10.8 52.6 
5 400 200 9.5 62.1 
6 430 220 5.4 67.5 
Residue >43 0 >220 32.5 100.0 
Table 3.09. Yields for fractionation of UP crude oil distillate fractions from column 
chromatography 
Fraction Aliphatics mg (%) Aromatics mg Polars mg (%) 
1 1953.3 (99.3) 10.2(0.5) 3.2(0.2) 
2 1784.2 (96.9) 47.4(2.6) 8.7(0.5) 
3 1438.0 (76.2) 448.0 (23.8) 
4 15 19.4(74.3) 526.5 (25.7) 
5 1294.6 (83.9) 244.6 (15.8) 4.3(0.3) 
6 943.8 (80.5) 219.0 (18.7) 9.6(0.8) 
Residue 173.9 (69.6) 70.1 (28.1) 5.9(2.3) 
Total 154.4 (55.0) 126.2(45) 
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Probe CIMS analysis of the distillate fraction aromatic hydrocarbons (Figure 3.25) 
provided a mean and mode molecular weight for each fraction (Table 3.10) which typically 
increased by - 20 Daltons with each fraction indicating quite narrow cut ranges between 
each sample (Figure 3.26). These values correlated well with those calculated using 
Vassilaros GC indices (Table 3.10) for the lower boiling point fractions but not so well with 
the whole oil and residue. This is probably due to the highly aliphatic nature of the aromatic 
UCM components which are not structurally similar to the polyaromatic hydrocarbons used 
in such indices (Vassilaros et aL, 1982). Indeed, this is an important piece of structural 
information which is supported by later oxidation studies (Section 3.3.4.4). 
Proton NMR of the distillate fraction aromatics (Figure 3.27) confirmed the highly 
aliphatic nature of the aromatic UCM. Integration of each spectrum gave an aromatic 
proton: aliphatic proton ratio (Table 3.10) ranging 1-1.4 to 1-8.3. Examination of this data 
and the average molecular weight data from Table 3.10, suggests highly aliphatic structures 
within the aromatic distillate fractions with notable alkyl substitution on the aromatic 
carbon atoms. This explains how such low aromatic proton to aliphatic proton ratios are 
obtained for the observed mean molecular weights. Specific structural information is not 
possible from 1H NMR spectra of such complex mixtures due to the poor resolution of the 
spectra obtained. 
UV absorption spectra of cuts I and 2 showed evidence of monoaromatic compounds 
(Figure 3.28; Table 3.11). The spectra were dominated by the strong absorbance of 
naphthalene Pmax, = 229 nm, 109 ý=-max. = 5.00). Specific information on cuts 3-6, the 
residue and the undistilled crude oil aromatics, other than the presence of mono- and di- 
aromatic compounds, is limited as the strong absorbance of naphthalene dominates the 
spectra. 
To summarise, the fractionation of UP crude by vacuum micro - distillation has produced 
six distillate fraction UCMs. Evidence from UV, IH NMR and probe CIMS shows that both 
the molecular-weight range and variety of chemical groups in each fraction is reduced 
compared to the undistilled oil. Each cut differs in molecular-weight range, as would be 
expected following distillation, in the d egree- of- aromati city and the proportions of mono-, 
di- and tri-aromatic compound classes. Generally the aromatic hydrocarbons within the 
fractions are highly aliphatic in character. 
107 
D., -IýWJ 
100 
so 
E. 0, 
4 60 
100 
E- 01 
841 
E. 01 
1001 r2 
83 
ýý60- 
21 31 
100 11 
e 
Figure 3.25a. Probe CIMS (CH4) of UP aromatic distillate fractions 1-4 
E- Od 
1 -A 
108 
I, 60 
F- 
2 13 .2 100 ý 
100 200 300 400 Soo 600 700 
D. t . -I-ou 
100 1 
207ý. 
so 
61 
4 
D. t. : 
100 
so 
60 
40 
20 
Ifujimmmull uhuý -, o, -ý ,, loo 
200 300 400 500 600 100 
E- 0 
3 
. 
74 
E. 06 
4 . 83 
Data: 
1. 
ILIO 
100-1 
227, 
D. t.: . 1ý80 
100-1 
80 
60 
4c 
V 
Figure 3.25b. Probe CIMS (CH4) of TJP aromatic distillate fractions 5,6 and residue 
and undistilled oil 
Z. 09 r1 
74 
E. 07 
1.20 
109 
0 
10 
20 
zo Z 30 
40 
50 
60 
70 
80 
90 
100 
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Table 3.11. Principal maxima in the electronic spectra of mono- and diaromatic hydrocarbons 
(Kemp, 199 1) 
Hydrocarbon Principal maxima[ ?, ma,,. ]nm, (log ema.,. ) 
monoaromatic 229(l. 21), 234(146), 239(l. 76), 243(2.00), 
249(2.30), 254(2.36), 260(2.30), 268(l. 04) 
diaromatic 221(5.00), 248(3.40), 266(3.75), 275(3.82), 
285(3.66), 297(2.66), 311 (2.48), 319 (1.36) 
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TJP cut I 
--ticl 
3.3-4.4 Oxidation of UP distillate fractions 
UP total aromatic hydrocarbons 
Ru04 oxidation of the total UP aromatic fraction gave reasonable overall recovery (67%; 
Table 3.12). Recovery of DCM soluble products (39%) was lower than obtained by Revill 
(1992; 48 - 99%), for the same oil but, like Revill (1992), a series of resolved components 
superimposed on the UCM was observed (Figure 3.29a). Isolation of the acidic oxidation 
products (16%; base extraction) and subsequent GC-MS analysis, showed a series of n- 
monocarboxylic acids (C6-23). The even/odd predominance (C14-23) observed by Revill 
(1992) was also present. The m1z 74 chromatograrn also revealed a minor series of methyl 
branched, iso- and anteiso- monocarboxylic acids (C6-16). These results suggest the 
presence of alkyl substituents with straight chains Of C5-22 and C5-15 methyl branched 
chains. 
Base extraction of the DCM soluble phase revealed a non-acidic portion (6%; Figure 
3.30). 
Water soluble oxidation products accounted for 15% of the overall oxidation products. 
GC-MS (Figure 3.3 1) of the H20 soluble acids (as their butyl esters) revealed the presence 
of low molecular weight n-monocarboxylic acids and dicarboxylic acids. The ct, (O- 
dicarboxylic acids (C2-6) and branched dicarboxylic acids may be derived from either 
alicyclic rings or bridging groups (see Section 3.3.3.4). 
C02 accounts for 15% of the oxidation products. C02 is directly derived from the 
destruction of the activated aromatic ring (Carlsen et aL, 198 1) and as previously discussed, 
correlates with the degree of un-substituted aromatic fing carbons present within the sample. 
The low amount Of C02 produced agrees with the low aromatic -aliphatic proton ratio 
(Table 3.10), confirming the highly aliphatic nature of aromatic UCM. 
Ru04 oxidation of UP (total) aromatic hydrocarbon fraction indicates that it is highly ZD 
aliphatic in nature, with the retro- structural analysis approach indicating the presence of 
alkyl substituted aromatics. There is also evidence for the presence of alicyclic rings and/or 
bridging groups. 
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Figure 3.3 1. GC-MS TIC of UP undistilled oil water soluble Ru04 oxidation products (as 
butyl esters) (HP-1,12m, 40-300'C (4 PC min. -I, He camer) 
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TJP distillation cut I aromatic hydrocarbons 
Oxidation of UP distillate cut I gave reasonable recovery (73%). DCM soluble product 
recovery was similar to that of the whole oil (38%). GC-MS analysis (Figure 3.32a) 
revealed the presence of a series of n-monocarboxylic acids (C5-18; as their methyl esters) 
with an odd/even predominance between CIO and C18 and maximising at CIO. C8 iso- and 
anteiso- monocarboxylic acids were also observed. GC and GC-MS (Figure 3.32b) also 
revealed the presence of cyclohexanecarboxylic acid, benzoic acid and phenylethanoic acid. 
As discussed previously, cyclohexanecarboxylic acid has been reported as being formed by 
the Ru04 oxidation of I-phenylcyclohexane (Courtney, 1986), benzoic acid from the 
oxidation of biphenyl and phenylethanoic acid from the oxidation of I) 2-diphenyl ethane 
(Olson and Diehl, 1984). Retro- structural analysis therefore indicates the presence of alkyl 
homologues of such compounds within the sample prior to oxidation. 
Water soluble acids accounted for 2% of the oxidation products and GC-MS (Figure 
3.32c) revealed propanoic acid (as its butyl ester) as the only product. This indicates the 
absence of C3 and C4 alkyl groups within the sample, as well as short ("" CO bridging 
groups. 
C02 accounted for 33% of the total oxidation products and suggests a higher 
concentration of unalkylated aromatic carbon within fraction I than in the whole oil. This 
correlates well with the aromatic proton - aliphatic proton ratio, and is probably due to the 
presence of short alkyl substituted chains compared with the range for the whole oil. 
Ru04 oxidation of UP distillate cut I revealed the presence of straight chain alkyl groups, 
biphenyls and phenylcyclohexanes (and/or alkylated homologues). Any bridging is limited to 
a single methylene group (-CH2-)- 
UP distillation cut 2 aromatic hydrocarbons 
Oxidation of UP distillate 2 gave reasonably good total recovery (84%). DCM soluble 
product recovery was low (25%). GC-MS analysis of the isolated acidic oxidation products 
(Figure 3.33a) reveals the presence of a series Of t7-monocarboxylic acids (C6-18, as their 
methyl esters) maximising at C8- Once again there was an even / odd predominance between 
CIO and C18. Also present was a series of iso- and anteiso- monocarboxylic acids (C6-10)- 
In addition, GC-MS revealed the presence of benzoic acid, 4-methyl benzoic acid, 3,5- 
dimethylbenzoic acid and phenylethanoic acid. Ru04 oxidation of biphenyl and alkylated 
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Figure 3.32b. El-MS of UP cut I aromatics Ru04 oxidation products 
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homologues of biphenyls would result in the formation of such compounds (Courtney, 
1986). 
Low molecular weight water soluble oxidation products account for 12% of the total 
oxidation products. GC-MS (Figure 3.33b) revealed the presence of propanoic acid, 
butanoic acid, 2-methylpropanoic acid and 2-methylbutanoic acid. These represent short 
chained alkyl moieties within the sample. 
The amount Of C02 released during oxidation was large (47%). This suggests a large 
amount of un-substituted aromatic ring carbons present within the sample. 
It would seem that UP distillate 2 contains a greater proportion of aromatic compounds 
than the preceding distillate fractions although, the distribution of oxidation products is 
similar to that of UP distillate 1. 
UP distillation cut 3 aromatic hydrocarbons 
The total recovery of UP distillate 3 oxidation products was low (35%) but this is 
primarily due to the absence of any data for C02 release. Recovery of DCM soluble 
products was 25% with GC-MS analysis (Figure 3.34a) revealing a series of n- 
monocarboxylic acids (C6-18) and iso- and atileiso-monocarboxylic acids (as their methyl 
esters). Once again the even/odd predominance between C14 and C18 is evident. Quite a 
significant amount of the isolated acidic oxidation products remain unresolved (90%). 
Water soluble acids account for 10% of the oxidation products. GC-MS (Figure 3.34b) 
revealed a series of n-monocarboxylic acids (C3-6), and methyl branched monocarboxylic 
acids (as their butyl esters). Hexanedioic acid was also identified. 
TJP distillation cut 4 aromatic hydrocarbons 
The Ru04 oxidation of UP distillate 4 aromatics gave reasonable total recovery (72%). 
Although base extraction of the acidic oxidation products was inefficient, GC-MS analysis 
(Figure 3.35a) revealed quite a substantial unresolved portion and the chromatogram was 
less dominated by n-monocarboxylic acids (C7-18, C12 max. ). GC-MS also revealed the 
presence of various methyl substituted monocarboxylic acids. GC-MS (Figure 3.335b) of the 
non-acidic oxidation products shows a bimodal 'hump', presumably with the unoxidised 
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Figure 3.34b. GC-MS TIC of UP cut 3 water soluble Ru04 oxidation products (as butyl 
esters) (UP-1,12m, 40-3001C 4 51C min. -I, He camer) 
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UCM hydrocarbons superimposed on top of a later-eluting ketonic intermediate unresolved 
mixture. 
Water soluble oxidation products accounted for only 3% of the overall products. GC and 
GC-MS revealed a series of n-monocarboxylic acids (C3-6) and ethanedioic acid (as their 
butyl esters), but only in trace amounts. 
C02 accounted for 27% of the total oxidation products. Initially, Ru04 oxidation suggests 
that the composition of distillate 4 is similar to the previous fractions but closer examination 
of the product distribution suggests that less short chained alkyl substituents are present. 
UP distillation cut 5 aromatic hydrocarbons 
UP distillate 5 gave a reasonable overall recovery when oxidised (56%). DCM soluble 
products accounted for 30% of the total oxidation products. GC-MS analysis (Figure 3.36a) 
showed a series of n-monocarboxylic acids (C7-20) with an even/odd predominance between 
C14 and C20 and a series of iso- and at7teiso-monocarboxylic acids (C7-13). Water soluble 
oxidation products accounted for 1% of the total oxidation products. Subsequent GC and 
GC-MS (Figure 3.36b) analysis shows the presence of n-monocarboxylic acids (C3-4) as 
well as ethanedioic acid. As in previous distillate fractions all these represent alkyl moieties 
from within the fraction. C02 accounts for 25% of the total oxidation products. 
TJP distillation cut 6 aromatic hydrocarbons 
The recovery of total oxidation products was poor (53%). This was due to the absence of 
any data for the recovery of water soluble acids. DCM soluble products account for 3 1% of 
the total oxidation product. GC-MS analysis (Figure 3.37a) revealed a series of n- 
monocarboxylic acids (C7-20), with an even/odd predominance between C14 and C20 and a 
series of iso- and atiteiso-monocarboxylic acids (C7-14, as their methyl esters). Also 
identified was 3-methylbenzoic acid. GC-MS analysis showed the presence of phthalic acid. 
Unlike other phthalate esters, dimethyl phthalate has a base peak at nilz 163 (cf. m1z 149; 
Middleditch, 1989) and has been reported as an analytical artefact (plasticizer; Middleditch, 
1989). Although oxidation of authentic aromatic standards (2-ethylnaphthalene, section 
3.3.2) showed dimethylphthalate to be a product of the oxidation of naphthalene and/or 
alkylated homologues of naphthalene, no firm designation can be made for the present 
sample due to the presence of dimethylphthalate within the procedural blank (Figure 3.37b). 
C02 generation was similar to previous Ru04 oxidations (22%). 
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Figure 3.36b. GC-MS TIC of UP cut 5 water soluble Ru04 oxidation products (as butyl 
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m1z 74 
C12 
n-monocarboxyLic acids (as methyl esters) 
UP distillation residue 
Total recovery of UP residue oxidation products was poor (44%). DCM soluble products 
accounted for 22% of the overall recovery. GC-MS analysis (Figure 3.38) showed a series 
of n-monocarboxylic acids (CII-22; as their methyl esters), with a strong even/odd 
predominance between C14 and C18. No data was available for the water soluble products 
of oxidation. C02 production was similar to previous oxidations (22%). 
Summary 
Ru04 oxidation of crude oil distillate fractions has produced samples which can be 
characterised further by the retro- structural analysis approach. A total mass balance of each 
fraction is shown graphically in Figure 3.39. 
As in the previous study of refinery HPLC fractions the principal resolved products in 
each oxidation were n-monocarboxylic acids whereas iso- and anteiso-monocarboxylic acids 
were minor products. Monocarboxylic and dicarboxylic acids were present in the water 
soluble portion of the oxidation products. Once again the retro-structural analysis approach 
allows this data to be used to propose hydrocarbon precursors (Figure 3.40). 
As discussed previously and shown graphically in Figure -3.21 
(Section 3.3.3.4) 
monocarboxylic acids arise from alkyl substituents on the aromatic ring (chain lengths Cn-1) 
whilst dicarboxylic acids arise from the oxidation of either alicyclic rings or alkyl bridging 
groups. Other minor products such as cyclohexanecarboxylic acid, phenylethanoic acid and 
methylbenzoic acids may be derived from alkyl homologues of phenylcyclohexanes and 
biphenyls, respectively. 
As C02 correlates with the degree of unsubstituted aromatic ring carbons, the larger the 
amount Of C02 produced, the greater the degree of aromaticity within the sample. The 
larger amount Of C02 observed for the lighter distillate cuts suggests an increased level of 
aromaticity compared with the higher boiling point cuts. This correlates well with the 
aromatic Proton* aliphatic proton ratios (Figure 3.18) and is likely to be due to the shorter 
substituents present in the lighter fractions. The low amount Of C02 released by the UP 
total aromatic sample during oxidation and the low aromatic proton - aliphatic proton ratio 
indicates the 'whole' oil aromatics are, in fact, highly aliphatic. 
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Ru04 oxidation of alkyl naphthalenes, within this study and previously (Spitzer and Lee, 
1974) indicates that the presence of phthalic acid (as dimethylphthalate) in Ru04 oxidation 
products suggests naphthalene and/or alkyl naphthalene as precursor hydrocarbons. The 
absence of dimethyl phthalate in distillate cuts 1-5 suggests such compounds were absent 
from these fractions. 
Diacids were only observed in a few of the UP distillation cuts. This may be attributed to 
a lack of homogeneity within the aromatic UCM. However, as discussed previously any 
hydroaromatic with alkyl substitution ýý' - C4 will produce diacids and these will be present 
in the DCM soluble phase, possibly as unresolved components. Revill (1992) demonstrated 
that a large number of isomers (576) are possible for alkyl tetralins between C20 and C30 
alone and this implies in turn that the diacids produced would be observed as an acidic UCM 
(Figure 3.29 ). It may be reasonable to suggest that the series of diacids present in the water 
soluble phase continue through into the DCM soluble phase and, due to the large number of 
possible isomers, are observed as an acidic UCM. Retro- structural analysis indicates that 
alkyl presence of alkyl tetralins and / or higher hydroaromatics and / or bridging groups 
(Figure 3.40) may occur in these distillate cuts. 
Therefore via retro- structural analysis (Figure 3.40), whereby the product distribution in 
terms of compound class is observed it is possible to detect a distinct difference in the 
distribution of products, which indicates a degree of inhomogeneity within the aromatic 
UCM. 
In conclusion, retro- structural analysis suggests a lack of homogeneity within the aromatic 
UCM. It is also evident from C02 measurements and aromatic proton- aliphatic proton ratios 
that the components of the aromatic UCM are highly aliphatic in nature. This approach also 
indicates that alkyl hydroaromatic groups and/or bridging groups are prevalent within the 
aromatic UCM and that the model UCM structures proposed by Revill (1992) (Figure -3 ). 0 1, 
Section 3.1) are indeed suitable models. Further analysis of the unresolved acids observed in 
the chromatograms of acidic aromatic UCM Ru04 oxidation products is required prior to 
any firm assignments of possible model structures (See Chapter 4). 
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CHAPTER FOUR 
Further Characterisation of UCM Oxidation Products 
In an attempt to improve on current UCM oxidation product fingerprinting techniques 
the resolved UCM oxidation products were characterised by enantioselective GC-MS 
using modified cyclodextrin stationary phases. y-lactone racemates were separated but 
the absence of enantioselectivity in the UCM oxidation prodcuts did not improve the 
specificity of existing techniques. 
An investigation into the character of unresolved oxidation products (UCMOx) was 
carried out using reverse phase HPLC and ion cyclotron resonance mass spectrometry 
(ICR). HPLC was used to group separate acidic TJP RuO4 oxidation products into 
mono-, di- and tri-cyclic aliphatic and aromatic carboxylic acids. Subsequent GC-MS 
analysis revealed previously unidentified products, but a high level of contamination 
was observed 
The Ru04 oxidation products of mono- and diaromatic HPLC ftactions of selected 
refinery oils were analysed by ICR. Monocarboxylic and dicarboxylic acids were 
identified along with cycloalkyl and phthalic acids which were then used retro- 
structurally to propose precursor molecules. 
4.1 Introduction 
In the previous two chapters it was shown that oxidative degradation of UCMs results 
in the formation of both resolved and unresolved components (UCMOx. ). The resolved 
components were used to derive structural information by what we have termed retro- 
structural analysis (Chapter 3, and references therein). 
Chemical oxidative degradation of UCMs yields typically 20% resolved components 
for aliphatic UCMs (Cr03/AcOH) and between ca. 5% and 30% resolved components 
for aromatic UCMs (Ru04). 
Several previous studies of the resolved portions of oxidised UCMs (e. g. Gough, 
1989; Killops and AI-Juboori, 1990; Revill 1992; see Chapters 2 and 3 for detailed 
reviews) used mass chromatography (e. g. m1z 74, monocarboxylic acid methyl esters; 
McLafferty rearrangement). CIMS detection was used as a complementary technique to 
EIMS for the identification of aliphatic UCM Cr03 oxidation products (Gough, ' 
1989). 
The application of 'fingerprinting' the gas chromatographically resolvable UCM 
oxidation products was first suggested by Gough and Rowland (1990) as a useful 
addition to biomarker profiles. Early work (Gough, 1989) used a few randomly selected 
resolved components to correlate partly degraded beached oil with oils from pipeline and 
tanker spills (Figure 4.00a). The method was further developed by Revill (1992), 
whereby following Cr03/AcOH oxidation and identification of the resolved products (n- 
carboxylic acids, y-methyl-y-lactones and alkyl ketones) by quantitative GC-MS, inter- 
sample Euclidean distances were calculated. These values were then analysed by multi- 
dimensional scaling whereby similar samples were clustered together (Figure 4.00b). 
Four spills were investigated and good correlations (ca. 78 - 90% similarity) between the 
contaminated sediment and respective oils was obtained for two spills (Amoco and 
Sivand), suggesting an input of the suspected oils into the sediment. Poor correlation 
(ca. < 50% similarity) was obtained for the other examples (Sullom Voe and Mersey), 
indicating contamination from sources in addition to those suspected (Revill el aL, 
1992). These results were found to agree with conventional biomarker studies and it was 
concluded that the method was enhanced by the use of non-subjective multivariate 
techniques. Furthermore, it was suggested that the technique should prove useful for 
both oil pollution and oil exploration studies as a means of characterising and correlating 
degraded oils. 
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Figure 4.00b. The use of multidimensional scaling to fingerprint complex hydrocarbon 
mixtures (Revill, 1992). 
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The unresolved components (uCMOx. ), however, remain essentially uninvestigated and 
this is an obvious limitation since a substantial amount of the DCM soluble oxidation 
product (ca. 70-95%) remains unresolved. This may have important implications 
towards any structural inferences made. 
Revill (1992) used several non-chromatographic techniques (IH-NNM EINIS) to 
analyse the UCMOX. resulting from the Ru04 oxidation of UP aromatics (Chapter 3, 
Figure 3.00). From IR and NMR data of the aromatic UCM naphthenobenzene 
structures were proposed to be present. Ru04 oxidation of tetralin type structures would 
yield dicarboxylic acids, which if significantly branched remained unresolved. EI- mass 
spectra were also taken at intervals through the UCMOx. (Figure 4.01) and distinct ions 
observed. Enhanced m1z 87 ions were suggested to be due to either enhanced 
fragmentation y to the acid group or a 5H rearrangement (McLafferty, 1980; Figure 
4.02). The presence of distinct ion series at m1z 55,69,83,97 and m1z 95,1091,1231) 137 
were attributed to the presence of mono- and dicyclic alkanes, which Revill suggested 
comprised part of the alkyl chain and were not condensed to the naphthenobenzene 
structure prior to oxidation. This data was then used to propose model aromatic UCM 
hydrocarbons (Chapter 3, Figure 3.01). 
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Figure 4.01. El- mass spectra of the unresolved acids produced by the Ru04 oxidation 
of the UP aromatic UCM (Revill, 1992) 
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4.2 Aims 
The aims of the research presented in this present chapter were to further investigate 
both the resolved and unresolved products of oxidation. The resolved products were to 
be investigated by enantioselective GC-MS using chiral stationary phases in order to try 
to increase the specificity of UCM oxidation product 'fingerprinting'. Unresolved 
products were to be characterised in greater detail by preparative BPLC and ion 
cyclotron resonance spectrometry in order to obtain greater compositional information. 
4.3 Results and Discussion 
4.3.1 Enantioselective GC-MS 
The recent trend in organic chemistry is the synthesis of enantiomerically pure 
compounds. This has prompted a need for enantio selective analytical techniques and in 
GC has seen the introduction of modified cyclodextrin stationary phases. Cyclodextrins 
are cyclic (x-(1-4)-connected glucose oligomers with 6,7, or 8 glucose units 
corresponding to cc-, P-, and y-cyclodextrin (Figure 4.03) and, although the efficiency of 
unmodified cyclodextrins in terms of theoretical plates is poor, derivatisation by 
alkylation or acylation, results in a marked increase in chromatographic efficiency. 
In petroleum geochemistry modified cyclodextrin stationary phases have been used to 
separate petroleum hydrocarbon racernates (Armstrong et aL, 1991; Alexander et aL, 
1992) and marine organic pollutants (Faller et aL, 1991). Enantioselective GC was 
chosen herein to try to increase the specificity of UCM oxidation product fingerprinting 
(Revill et al., 1992). Several branched and cyclic hydrocarbons in petroleum and 
petroleum source rocks exhibit a predominance of selected stereoisomers (e. g. pristane, 
steranes, terpanes). Indeed this stereo specificity has been used to deduce information 
about maturity, source and biodegradation and proved useful in numerous oil-oil and 
oil-source rock correlations (Peters and Moldowan, 1993). If UCM hydrocarbons 
containing chiral centres were to inherit such stereo specificity from their biogenic 
precursors it is possible that this feature will be preserved in the lactone UCM oxidation 
products. If so, this would add a further degree of specificity to the use of oxidation 
products for 'fingerprinting'. Alternatively, and perhaps more likely, UCM formation 
(Revill, 1992) and/or UCM oxidation may proceed with a loss of stereo specificity. 
Current theories support this possibility (Gough, 1989; Revill, 1992). Either way, an 
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investigation of the stereoisomer distribution of the lactone UCM oxidation products has 
been recommended (Revill, 1992) and requires examination. 
Of the resolved components of oxidised UCM, several of the lactones identified by 
previous authors and herein (e. g. Gough, 1989; Gough and Rowland, 1990; Revill, 
1992) contain chiral centres. These centres are inherited from the branched precursor 
UCM components by hydroxylation at the tertiary centre during Cr03/AcOH oxidation 
according to the mechanism: 
101 COOH 
oil 
ý, 
Figure 4.04. Possible preservation of chirality during Cr03/AcOH oxidation of a UCM 
component 
Gough and Rowland (199 1) were able to show that oxidation of 9-methyltetracosane 
resulted in the formation Of C8-C12 o)-oxo-y-methyl-y-lactones, which confirmed the 
above proposed route. 
Mixtures of racemic alkyl-y-lactones have been separated successfully on a hexakis(3- 
0-acetyl-2-6-di-0-pentyl)-ot-cyclodextrin stationary phase which is commercially 
available as Lipodex B, Macherey Nagel, FRG by K6nig et al. (1988). This method was 
validated herein by GC-MS analysis of a racemic mixture of alkyl-y-lactones and the 
separated enantiomers identified by mass chromatography using the m1z 85 fragment ion 
(Figure 4.05; (x cleavage at C-5; Porter and Baldas, 1977). In order to investigate 
whether the Lipodex B stationary phase could also separate alkyl-y-methyl-y-lactone 
racernates, I-propyl-l-methylbutyrolactone, known to be present in UCM oxidation 
products of some oils (Gough, 1989), was synthesised by the method of Bunce and 
Reeves (1990). A yield of 70% was obtained (> 99% pure by GQ and structural 
confirmation obtained by a combination of 13C-NMR, FT-K CIMS and EIMS (Figure 
4.06). The racemic nature of the product was confirmed by polarimetry ([(X]20Dý00) and 
the compound examined by enantioselective GC (Lipodex B). No separation was 
obtained and a more suitable stationary phase was sought. Eventually, separation of I- 
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propyl-I-methyl-butyrolactone was achieved using a 3-0-butyryl-2,6-0-pentyl-y- 
cyclodextrin stationary phase (in collaboration with Prof W. A. K6nig, University of 
Hamburg; Figure 4.07). 
An aliphatic UCM isolated from Silkolene 150 lube oil was then oxidised by the Cr03 I 
AcOH method and analysed using the 3-0-butyryl-2,6-0-pentyl-y-cyclodextrin 
stationary phase. The alkyl-y-lactones and alkyl-y-methyl-y-lactones were identified by 
their respective m1z 85 and m1z 99 fragment ions (Figure 4.08). The y-lactones present in 
Silkolene 150 Cr03/AcOH were all racemic mixtures. Obviously many more UCM 
oxidation products need to be examined in this way before firm conclusions can be 
drawn, but to date the racernic nature of the lactones is certainly consistent with the 
oxidation mechanism proposed by Gough (1989). 
4.3.2 Characterisation of unresolved mixtures of oxidised hydrocarbons 
As discussed above and in previous Chapters 2 and 3, chemical degradation of UCMs 
has been successful in obtaining structural and compositional information (Gough, 1989; 
Killops and A]-Juboori, 1990; Revill, 1992). However, a significant amount of the 
oxidation products remain unresolved (UCMOx.; ca. 70 - 95%). Revill (1992) proposed 
that the UCMOx. observed in Ru04 oxidation products comprised mainly of alicyclic 
acids and diacids. Hence two methods were chosen herein to attempt to ascertain the 
composition of UCMOx.. First, fractionation of the postulated UCMOx. components by 
preparative HPLC was attempted, followed by analysis by GC-MS, and second, analysis 
of UCMOx. by ion cyclotron resonance spectrometry (ICR) was performed (the latter in 
collaboration with researchers at BP Research, Sunbury-on-Thames). 
4.3.2.1 Preparative reverse phase HPLC 
A known BPLC method for the fractionation of organic acids was developed for 
UCM0x* . Mono-, 
di-, and tricyclic aliphatic carboxylic acids and aromatic acids were 
used to develop the method which used a C18 column and acetonitrile/water eluent 
(Jones Chromatography, personal communication). Aromatic and monocyclic aliphatic 
acids were available commercially, however, di- and tricyclic aliphatic acids were 
synthesised. 
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The synthesis of decahydronaphthalene-2-carboxylic acid was adapted from the 
method of Dauben and Hoerger (1951), whereby 2-naphthoic acid was catalytically 
hydrogenated (Pt02) under pressure. The yield was non-quantitative (- 20%) with 2- 
decahydronaphthalene carboxylic acid the only GC (as TMS ester; Figure 4.09) 
identifiable product (purity > 99%). Three GC peaks were observed, corresponding to 
the four possible stereoisomers as confirmed by EIMS and NMR (Figure 4.09). 
w COOH 
Hg`ý 
Pt02 / H2 cis-trans 
H 
H 
trans-cis 
H 
+ 
I 
OOH 
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OH HH 
H COOH 
H 
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Figure 4.09. (c) Synthesis of decahydronaphthalene-2-carboxylic acid 
The procedure for the synthesis of tetradecahydroanthracene-9-carboxylic acid was the 
same as for decahydronaphthalene-2-carboxylic acid, although a longer hydrogenation 
time (96 h cf. 72 h) was used. Once again yields were low (- 20%). Following an 
additional Ag+TLC cleanup stage GC and GC-MS (as methyl esters; Figure 4.10) 
revealed the purity to be only 70%. 
The authenticated and commercial acids (Table 4.01) were then analysed by HPLC and 
the acetonitrile. water (pH 2) eluent ratio modified to obtain optimum separation. A 
gradient elution program was then devised and optimised using a mixture of standards 
(Figure 4.11). Once optimised, a calibration curve for the response of cyclohexane 
carboxylic acid was obtained (Figure 4.12) in order to ascertain the linearity of the 
detector. 
The UCMOx. of UP total aromatics and UP distillate cut I aromatics (see Chapter 3) 
were isolated by removal of the n-monocarboxylic acids by urea adduction (Table 4.02). 
The percentage of unresolved (and of adducted) components was determined by GC 
(Figure 4.13) using time slice area measurement (Appendix 1) and is shown in Table 
4.02. 
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Figure 4.09. (a) Gas chromatogram and El- mass spectrum of decahydronaphthalene-2- 
carboxylic acid (as TMS ester), (b)13C NMR of decahydronaphthalene-2-carboxylic 
acid (GC- J&W DB-5,25m. 40-300'C Cd, 5'C niin. -I, H2 carrier) 
145 
r -cx-n cxýý -c<>cpcancna-, - CDCQ- 
ko 
U-ILn 
x 350001 IS4 
30000 
25000 9s 
41 61 176 
20000 
79 
1 22 
15000 136 
55 
10000 
219 
39 109 
0 
14 168 
5000 
'90 
200 
P/ Z 30 40 50 60 70 so 90 0C 130 140 15 200 210 220 230 24C 25, 
y 
95 
81 
67 
79 
55 
39 
RD -9-1 
1 ¶4 
176 
122 
136 
1? 9 
13 191 
14 168 
M+. 
2so 
1 
Figure 4.10. GC-MS TIC and El- mass spectra of anthracene-9-carboxylic acid catalytic 
hydrogenation products (HP-i, 12m, 40-300'C @ 5'C min. -I, He carrier gas) 
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CO-)CH-, 
Table 4.0 1. Purity and retention time (Tr) of model UCMOx. standards 
Compound -T -PurityT N F Origin T. (min) 
Cyclohexane ca. > 99 Aldrich 5.29 
Decahydronaphthalene ca. > 99 This study 6.17 
Tetradecahydroanthracene 
ca. 
70 This study 7.58 
Benzoic acid > 99 Aldrich 3.80 
Naphthoic acid > 99 Aldrich 8.81 
t determined by GC. ca. : carboxylic acid 
Once isolated the UCM0x. from both samples was analysed by both analytical and 
preparative BPLC using the above method (Figure 4.14). Fractions were collected at 
intervals corresponding to the Tr of the appropriate standard and isolated by extraction 
into DCM (Table 4.03). Blank isolations were also performed. 
Examination of the UCMOx. obtained from UP crude oxidation products by FIPLC 
produced a highly unresolved chromatogram, dominated by one resolved peak (Figure 
4.14a). However, a more complex chromatogram was obtained following the analysis of 
the UCMOx. isolated from the oxidation products of UP distillate cut 1 (40% resolved; 
Figure 4.14b). Comparison of the distribution of components in the chromatograms with 
that of standards suggests that the majority of the compounds present within the acidic 
UCMOx. of undistilled UP aromatics were di- and tri-cyclic aliphatic acids, whilst 
analysis of UP distillate cut I UCMOx. suggests a mixture of alicyclic acids. 
Table 4.02. Isolation of UP total and distillate cut I UCMOx. 
Sample weight (mg) UNA mg (%) 
[% unresolved 
UA mg 
UP total 9.1 5.0 (55) [65] 2.2(24) 
UP cut 1 4.9 4.3 (88) [44 ] 0.4 (8)_ 
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Compound Peak 
No 
Tr (min) 
COOH 1 5.29 
Ca COOH 2 6.17 
COOH 
c ID 
3 7.58 
or COOH 4 3.80 
w 
COOH 8.8 
Figure 4.11. HPLC chromatogram (210 nm UV absorption) of standard acid mixture 
(see table for peak identification, inset) 
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Figure 4.12. Calibration of HPLC (210 nm UV absorption) cyclohexane carboxylic acid 
responses 
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Figure 4.14. HPLC chromatograms (210 nrn UV absorption) of undistilled UP and UP 
distillate cut 1 Ru04 oxidation products 
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DCM extracts of the procedural blanks were high and subsequent GC-MS analysis of 
the UP UCMOx. fractions confirmed a high amount of contamination (Figure 4.15; 
Table 4.03). Previously unidentified individual components were observed (e. g. 
nonanedioic acid and terephthalic acid) which are conceivably Ru04 oxidation products 
but due to the high levels of contamination it is uncertain whether this is correct. From 
this preliminary study it appears that, although BPLC fractionation does result in an 
increase in the percentage of resolved components, and gives an indication of the 
distribution of compound types within the UCMox*) it does not provide the information 
required to obtain further structural information via the retro-structural. analysis 
approach described in Chapter 3. 
Table 4.03. Isolation of UP total and blank HPLC cuts 
Sample 1 1 Cut 1, (mg)T Cut 2 (mg) 1 Cut 3 (m9)T Cut 4 (mg) 
TJP total UCM0x. 0.2 <o. 1 0.1 0.9 
Blank 1.2 0.5 
4.3.2.2 Ion cyclotron resonance spectrometry 
Ion cyclotron mass spectrometry (ICR) differs from more commonly used methods of 
mass spectrometry in that it produces long-lived ions and it is possible to examine 
ion/molecule collisions (Kemp, 199 1). Hence the principal application of ICR has been in 
the study of ion-molecule interactions. 
Briefly, ions are formed in a source which has no exit slits and then subjected to 
crossed magnetic and electrical fields. The ions then form a series of cyclodial 'loop-the- 
loops' through an analyser to the detector. The angular frequency of this cyclodial path 
is termed the cyclotron resonance frequency (coc) and is a function of both the electric 
field strength and m1z of the ion. This is defined as coc=zE/m and the drift velocity as 
ýv--E/B, where E is the electrical field, B the magnetic field and m and z the mass and 
charge of the ion, respectively (Figure 4.16; Rose and Johnstone, 1982). The mass 
spectrum is obtained by scanning the fields until coc equals a fixed radio frequency source 
beamed onto the analyser. 
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Figure 4.16. Side view of path of ion beam in ion cyclotron resonance spectrometry. 
The ion cyclotron frequency (coc) and drift velocity (v) are shown. The electric (E) and magnetic field 
(B) are crossed; E in plane of paper, B vertical to plane of paper (Rose and Johnstone, 1982). 
In collaboration with BP Research (Sunbury- on-Thames, UK. ) the Ru04 oxidation 
products of selected samples were analysed by negative ion chemical ionisation ICR. To 
nýiinimise the effects of mass discrimination, two spectra were recorded at different ion 
transfer periods (optin-iised for m1z 130 and m1z 250). The lower segment of the m1z 130 
optimised spectrum (mlz 58 - m1z 200) was then combined with the upper segment from 
the m1z 250 optin-ýised spectrum (nilz 200 +). Calibration was generated from measuring 
frequencies and known m1z values for the major peaks of authentic compounds. The 
molecular formula of the unknowns were then calculated from the accurate mass 
measurements. The instrument was calibrated and relative response factors were 
determined by analysis of a mixture of n-monocarboxylic acids (even C2-18 8-r C22) and 
cc, co-dicarboxylic acids (C6,8,10) as their methyl esters (Figure 4.17). This revealed that 
for both mono- and dicarboxylic acids the principal ions observed are [M-H]- and [M-H- 
CH30H]-. A calibration curve of response factors (corrected peak height/concentration) 
was obtained and a quadratic response factor curve fitted (Figure 4.18). 
The Ru04 oxidation products of three unresolved refinery fractions (HCO-mono, 
HCO-di and HT-HCO-mono; Figure 4.19) were then analysed by ICR and the relative 
abundance of each species was calculated (Tables 4.04; 4.05; 4.06) using the fitted 
response curve. Monocarboxylic acid methyl esters produce species which correspond 
with the parent molecule (Z= 0,02Y and the fragment (loss of CH30H, Z= -2) 0). This 
data can then be used to quantify the abundance of a particular group within the sample 
'The hydrogen deficiency value (z) of hydrocarbons can be defined as: CnH2n, z, and can 
be calculated 
from the number of double bonds, DB, and rings, P, in the molecule by the equation: Z= -2(R + DB -1) 
(Altgelt and Boduszynski, 1994). 
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(Appendix 111). The assignment of dicarboxylic acids is much simpler with only the 
fragment resulting from the loss of CH30H present (Z= -4) 03)- 
HCO-monoaromatics Ru04 oxidation products 
ICR analysis of the HCO-monoaromatic oxidation products (Table 4.04) reveals that 
the sample is predominantly comprised of monocarboxylic acids (as methyl esters; Z= 0, 
02; Z= -2,0; 58%; CI-20, C12 max. ). Other species which were also identified included 
cycloalkyl esters (Z=-2.02; Z=-4) 0; 16%; C7-19), dicarboxylic acids (as dimethyl 
esters; Z= -2,04; Z= -4,03; 1%) and ketoesters (Z= -2,03; Z= -4,02; 9%; C2-17) 
whilst cycloalkyl dicarboxylic acids (as dimethyl esters), may contribute to the Z= -4,04 
and Z= -6) 03 species which are observed. The distribution of these species is shown 
graphically in Figure 4.20. The retro- structural analysis approach discussed in Chapter 3 
allows this data to be used to determine the composition of the HC 0 -mono aromatic 
sample prior to oxidation (Figure 4.21). The significant amount of monocarboxylic acids 
produced by Ru04 oxidation suggests that the unoxidised HCO-monoaromatic sample 
was comprised mainly of alkyl substituted benzenes. The GC data percentage of resolved 
n-monocarboxylic acids was 50% so branched alkyl substituents in the UCM0x. must 
also comprise 50%. The low abundance of diacids (1%) suggests a low amount of 
hydroaromatic structures within the sample. The presence of cycloalkyl (16%) esters 
indicates that in some cases monocyclic structures are also part of the alkyl chain. 
Ketones were observed as minor products in the oxidation of certain standards by Stock 
and Tse (1983), however, any structural information they reveal may only serve to 
complement the information obtained from the acid distribution. Oxidation of more 
authentic standards and an investigation into the mechanism of Ru04 oxidation of alkyl 
substituted monoaromatic compounds is required before any further structural 
information may be obtained from the ketones and keto-acids. ICR analysis of the HCO- 
monoaromatic Ru04 oxidation products identified 86% (of total detected) of the 
compounds present, of which 76% were useful in obtaining structural information. 
Proposed precursor structures are shown in Figure 4.22. 
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Figure 4.19 (a) Gas chromatograms of HCO-monoaromatics (86 % unresolved) and 
HCO-monoaromatics Ru04 oxidation products (acids as methyl esters; 50 % 
unresolved) (GC: J&W DB-5,25m, 40-3000C (g 5'C n-Lin-1, H2carrier gas) 
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Figure 4.19 (b) Gas chromatograms of HCO-diaromatics (72 % unresolved) and HCO- 
diaromatics Ru04 oxidation products (acids as methyl esters, 70 % unresolved) (GC-. 
J&W DB-5,25m, 40-3000C (4 5'C rrýin-l, H2 carrier gas) 
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Figure 4.19 (c) Gas chromatograms of HT-HCO-monoaromatics (75 % unresolved) and 
HT-HCO-monoaromatics Ru04 oxidation products (acids as methyl esters7- 65 % 
unresolved (GC- J&W DB-5,25m, 40-3001C g 5'C min-1, H2carrier gas) 
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Figure 4.20. Carbon number distribution of HC 0-mono aromatic Ru04 oxidation 
products (acids as methyl esters) 
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Figure 4.22. Structures proposed to be present in HCO-monoaromatic fraction (in 
descending abundance) Z: ) 
FIMS of HCO-monoaromatic fraction indicated that before oxidation the sample 
comprised predominantly Z= -6 species with minor series of Z= -8, Z= -12 and Z= -10 
species present (Figure 4.23). This further supports the structures proposed in Figure 
4.22 since alkyl benzenes have aZ value of -6 and cycloalkyl benzenes and alkyl tetralins 
both have aZ value of -8. 
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Figure 4.23. Z number distribution for HCO-monoaromatic hydrocarbons (obtained by 
FIMS) 
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Table 4.04. Observed products (% of total detected) of HCO-monoaromatic Ru04 
oXidation products (see below for key) 
Z value a Mono-oxygen 
N 
Di-oxygen Tri-oxygen Tetra-oxygen 
N 
0 0.7 49.8 0 0.74 
-2 7.9 11.7 
......................... . 1... 4 0 
-4 
......................................... 
ý8.. 
Oý 1. ý4 0 
-6 2.9 4.6 1.1 0 
-8 0.9 2.0 0 0 
-10 0.2 0.9 0 0 
-12 0 1.4 0 0 
Table 4.04b. Key to Table 4.04 
Precursor (Prior to oxidation) Ru04 oxidation product and ICR fragment 
CH30H) 
Rx 
RU041. 
a 
MeOIVBF3 
Monocarboxylic acid methyl esters (Z=O), 
-MeOH (Z=-2) 
(x---l-20) 
(CH2)y RU04 <D 
MeOFI/BF3 
Cycloalkyl monocarboxylic acid methyl esters 
(Z=-2), -MeOH (Z=-4) 
(ý--O- 13) 
R RU0410 Oa 
MeOHIBF3 
Dicarboxylic acid dimethyl esters (Z=-2), 
-MeOH (Z=-4) 
............................. ................................................. Ketoester (Z=-2) 
-MeOH (Z=-4) 
........... - -------- -- .... -.. - .. - -: 
Z=C nH2n+z 
HCO-diarornatics Ru04 oxidation products 
ICR analysis of methylated HCO-diaromatic fraction oxidation products (Table 4.05) 
suggests the presence of monocarboxylic acid methyl esters (Z= 0,027 Z= -2,01 7%)) 
phenyl ketoesters (Z= -10,03) Z= -12,027 47%), alkyl phthalate (Z= -10,04, Z= -12, 
03; 17%) and cycloalkyl phthalate (Z= -12,041 Z= -14,03) 3%) species (Figure 4.24). 
Low amounts of monocarboxylic acid methyl esters in the sample may be due to alkyl 
163 
Table 4.05. Observed products (% of total detected) of HCO-diaromatic Ru04 
oxidation products 
Z value a Mono-oxygen 
N 
Di-oxygen Tri-oxygen Tetra-oxygen 
N 
0 0 6.: 6= 0 0 
-2 0 0 0 0 
-4 0 0 0 0 
-6 0 0 0 0 
-8 1.7 0 0 0 
. . . . . .... . .. ........ -10 0 9.0 14.5 5.2 
-12 3.1 32.9 12.2 0 
.............. ............. ........................... .............. 
-14 0.8 4.9 ............................. ........... I ................ 3.1 
........... ... ............................. ........................................... 
0 
-16 0 3.4 0 0 
-18 0 2.6 0 0 
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substituents remaining attached to one of the other products of oxidation. Phenyl 
ketoesters were observed in the Ru04 oxidation products of both I -ethylnapthalene and 
9-ethylfluorene (Chapter 3) with the alkyl substituent remaining intact, whilst Stock and 
Tse (1983) observed the formation of alkyl phthalates when alkyl naphthalenes were 
oxidised. The analysis of HCO-diaromatic Ru04 oxidation products by ICR identified 
71% of the compounds present and although the distribution of products is more 
complex than that of HC 0-mono aromatic fraction they suggest that the HCO-diaromatic 
fraction is comprised of predominantly alkyl substituted naphthalenes, with evidence also 
for the presence of cycloalkyl substituents (Figure 4.25,4.26). However alky1fluorenes 
produce similar products to alkyInaphthalenes. 
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Figure 4.24. Carbon number distribution of HCO-diaromatic Ru04 oxidation products 
(acids as methyl esters) 
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Figure 4.25. Proposed HCO-diaromatic hydrocarbons. 
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FIMS analysis of HCO-diaromatic fraction prior to oxidation suggested that Z= -12 
species such as alkyInaphthalenes were present in signIficant amount, but Z= -14 species 
dominate the sample (Fi,, ),, ure 4.27). Diaromatic hydrocarbons which may account for this 
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include cycloalkyl substituted naphthalenes (1), alkyltetrahydroanthracenes (11) and 0C, 0. - 
biphenyl alkanes (III; Figure 4.28). Oxidation of cycloalkyl substituted naphthalene and 
alkyltetrahydroanthracene would produce cycloalkyl phthalates (observed as minor 
products; 3.1%) whereas the Ru04 oxidation products of (x, o)-biphenyl alkanes include 
diacids and benzoic acids (Z=-8,02) Z=-10,0; Stock and Tse, 1983) which were only 
present as very minor components. The major class of oxidation products observed from 
the Ru04 oxidation of HCO-diaromatics were phenyl keto-acids and it is unclear what 
structural information they hold. Oxidation of other diaromatic hydrocarbons is required 
in order to understand the effect of alkyl substituents and hydroaromatic groups upon 
the oxidation product distribution observed. 
I Il IH 
Figure 4.28. Examples of Z= -14 diaromatic hydrocarbons 
HT-HCO-monoaromatics Ru04 oxidation products 
As with the HC 0-mono aromatic fraction, ICR analysis of hydrotreated HCO- 
monoaromatics (Table 4.06) indicated the presence of monocarboxylic acid methyl 
esters (CI-C20,30%), dicarboxylic acid dimethyl esters (CI-Clo; 6%),, cycloalkyl esters 
(C7-C 18) 11 %) and ketoesters (C2-C 16; 11 %; Figure 4.29). Dicycloalkyl carboxylic acid 
methyl esters may account for the species observed at Z= -4,02, Z= -6,0, however, the 
same species is obtained by fragmentation of ketoesters (-MeOH). Other species which 
may be explained include Z= -4, 04, Z= -6,03 (cycloalkyl dicarboxylic acid dimethyl 
esters) and Z= -6, 31 
04' Z= -8,03 (dicycloalkyl dicarboxylic acid dimethyl esters). The 
low carbon numbers observed for dicarboxylic acid methyl esters suggest that secondary 
oxidation, resulting in chain shortening, may be occuring. 
From the Ru04 oxidation of standards (Stock and Tse, 1983; this study, Chapter 3) 
the high proportion of dicarboxylic acid dimethyl esters and alicyclic acids observed 
suggests a high abundance of hydroaromatic and alicyclic precursor structures within 
HT-HCO-monoaromatic fraction. Alkyl and cycloalkyl substituted tetralins are 
suggested (Figure 4.30). 
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Figure 4.29. Carbon number distribution of HT-HCO-monoaromatic Ru04 oxidation 
products (acids as methyl esters) 
IV 
J =C I-C20 
k=CO-C6 
V 
ml=CO-C 12 
n=CO-C8 
Figure 4.30. Proposed HT-HC 0-mono aromatic hydrocarbons. 
vi 
As with the HCO-monoaromatics, FIMS analysis showed that Z= -10 species (e. g. V 
and VI) were dominant (Figure 4.3 1) prior to oxidation whilst Z= -8 were fairly 
abundant (e. g. IV). Also abundant were Z= -12 species (e. g. Figure 4.32) which when 
oxidised with Ru04 give rise to alicyclic mono- and di-acids. 
R 
Figure 4.3 2. Examples Z= - 12 monoaromatic hydrocarbons 
Rn 
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Figure 4.3 1. Z number distribution for HT-HCO-monoaromatic hydrocarbons (obtained 
by FIMS) 
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The structural differences observed between the HCO-monoaromatic fraction and the 
HT-HCO-monoaromatic fraction are as would be expected. One result of hydrotreating 
is a significant increase in the hydroaromatic content of the fraction (Gray, 1994). 
Table 4.06. Observed products (% of total detected) of HT-HCO-monoaromatic Ru04 
oxidation products 
Z value a Mono-oxygen 
N 
Di-oxygen Tri-oxygen Tetra-oxygen 
N 
0 0 2: 3:. =7 0 0 
-2 6. L 6.8 
.................................. . 0.9 
........................ ........ ....... 
0 
-4 4.5 
------------------------------------------ 9.9 0 
-6 3.3 7.0 8.4 0.2 
-8 2.1 5.7 4.3 0.4 
-10 1.5 3.8 0.25 0.6 
-12 0.7 1.7 0.48 0 
-14 0 0.9 0.33 0 
Monocarboxylic acid methyl esters (Z=O), Cycloalkyl monocarboxylic acid metkyl esters 
-MeOH (Z=-2) 
(Z=-2), -MeOH (Z=-4) 
.................................................................................................. .......... Dicarboxylic acid dimethyl esters (Z=-2), Ketoester (Z=-2), 
-MeOH (Z=-4) -MeOH (Z=-4) . ..................................................................................................... ........ 
Z=C nH2n+z 
Summary 
Analysis by ICR has allowed previously unresolved oxidation products (UCMO,. ) to be 
partially characterised. This has led to a significant improvement in UCM 
characterisation. It has therefore been possible to characterise three unresolved mixtures 
of hydrocarbons by Ru04 oxidation followed by ICR analysis. 
HCO-monoaromatics were shown to contain predon-ýinantly alkyl substituted 
monoaromatic hydrocarbons (Figure 4.21) whilst the hydrotreated sample (HT-HCO- 
monoaromatic) contained alkyl and cycloalkyl substituted hydroaromatic structures 
(Figure 4.30; 4.33). FIMS supports the postulated structures. This result is as expected 
for a hydrotreated and non-hydrotreated sample and is important for the characterisation 
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n-MA br-MA aro-OH Cyclic DA Keto- Carbon 
MA acids dioxide 
of refinery feedstocks in order to improve current process models. Although the UCMOx. 
obtained from the Ru04 oxidation of diaromatics is more complex, analysis of HCO- 
diaromatics suggests that the sample is predominantly comprised of alkyl and cycloalkyl 
substituted naphthalenes (Figure 4.25). 
The deductions made in Chapter 3, whereby the presence of dicarboxylic acids in the 
water soluble phase of HT-HCO-monoaromatic oxidation products suggests that the 
UCMOx. observed in the DCM phase is comprised of similar diacids, but of greater 
molecular weight (Section 3.3.4.4), are supported. The alternative is also true. For 
instance, in HCO-monoaromatic fraction the absence of dicarboxylic acids in the water 
soluble phase suggests that the UCMOx. observed in the DCM phase is comprised of 
branched monocarboxylic acids. Therefore, the acid distribution within the water soluble 
phase seems to be a good reflection of the composition of the more complex DCM 
soluble phase. 
Although ICR has proved to be a valuable technique for the analysis of Ru04 
oxidation products there are some limitations. For example, the keto-acid -MeOH 
fragment and dicycloalkyl esters are observed as the same species (Z= -4,02) and 
therefore they cannot be differentiated. Examination of further authentic compounds 
such as decahydronaphthoic acid, should be undertaken so that their fragmentation 
patterns can be studied further. 
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CHAPTER FIVE 
Toxicity Enhancement of an Aliphatic UCM by Chemical Oxidation 
7-he effect of an aliphatic UCM isolatedftom Silkolene 150 base hydrocarbon feedstock 
ytilus eduli and its CrO31AcOH oxidation products on the feeding rate of mussels (M 
was investigated The saturated hydrocarbons were found to have little effect whilst 
oxidation resulted in an increase in toxicity, which was attributed to the greater 
aqueous solubilities of the acids, ketones and lactones produced on oxidation. 
This work has been published [Thomas et al., (1993) Organic Geochemistry, Falch Hurtigtrykk, 
Norway (Abstract), 717-719; Thomas et al., (1995) Water Research. 29,371-3821. 
5.1 Introduction 
Used lubricating oil is a quantitatively important source of environmental hydrocarbon 
contamination yet the chemical composition of lubricating oil hydrocarbons is largely 
unknown. For instance, analysis of lubricating oil by gas chromatography yields a substantial 
UCM (e. g. Gough and Rowland, 1991). UCMs are also a common feature of weathered and 
biodegraded crude oils (reviewed by Connan, 1984), and have been adopted as a 
quantitative measure of fossil fuel hydrocarbons in the environment. It has been proposed 
that the aliphatic UCM of lubricating oils is comprised of, in part, T-branched alkanes, alkyl 
acyclic and monocyclic alkanes (Gough and Rowland, 1990). 
Ciliary feeding marine organisms, in particular mussels (Mytilus edulis), have been used 
extensively in the assessment of the biological impact of pollutants. Mussels have been 
shown to contain UCMs (Boehm et al., 1982) and adjacent to urban and industrial areas 
these can be the major component of the hydrocarbon body burden (Farrington et al., 
1988). Any change in environmental quality (i. e. contamination) has been shown to induce 
physiological responses, in particular the responsiveness of mussel feeding rate (clearance 
rate). This has been shown (Donkin et al., 1989; 1991) to correlate well with exposure to 
organic contanunants, and has been widely used to monitor the impact of a variety of 
hydrocarbon fractions (Donkin & Widdows, 1986; Widdows et al., 1987; Donkin et al., 
1991. ). The effects observed correlate well with the concentration of light aromatic 
hydrocarbons, but poorly with total hydrocarbon data (Gilfillan et al., 1977; Widdows and 
Donkin, 1989), which is often dominated by the aliphatic UCM. 
Although the quantitatively important aliphatic UCM hydrocarbons appear to be of little 
direct toxicological significance, it has long been established that oxidation of the aromatic 
components of oils increases toxicity (Larson et al., 1977 & 1979; Ehrhardt and Burns, 
1990) with the formation of carboxylic acids, aromatic ketones, alcohols and aldehydes 
(Hansen, 1975; Larson et al., 1977 & 1979, Ehrhardt and Petrick, 1984; Ehrhardt and 
Burns, 1990; Ehrhardt and Weber 1991). These polar aromatic oxidation products have 
been shown to accumulate in tropical mussels (Burns et al., 1990) and may contribute 
towards a decrease in physiological performance (Widdows et al., 1990). 
Although Ehrhardt and Weber (1991) studied the formation of low molecular weight 7 
compounds by the sensitised photochemical decomposition of 11-tetradecane in seawater, 
few other studies have been carried out on the aliphatic hydrocarbon ftaction and its 
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potential as a source of polar oxidation products. No research appears to have been carried 
out on the aliphatic UCM to assess its potential as a source of polar oxidation products, 
despite the fact that microbial degradation of the UCM has been observed in vitro and in the 
environment (Gough et al., 1991; Oudot and Dutrieux, 1989) and therefore oxygenated 
products are assumed to be formed. Also, oxidation of lube oils in automotive engines and 
disposal of the used lubes contributes UCM-derived oxygenated products to the 
environment. Little is known about the relative toxicity of these products compared to the 
parent compounds, or of the toxicological importance of the chemical oxidation of complex 
hydrocarbon mixtures in the environment. 
5.2 Aims 
Due to the slow rate of UCM oxidation in the environment (Oudot and Dutrieux, 1989) a 
simple laboratory chemical oxidation technique was used as a preliminary model for 
assessing the potential importance of toxicity enhancement of the aliphatic UCM. This 
accelerated model chemical oxidation system has been shown to yield products (Gough and 
Rowland, 1990) similar to those produced by photo degradation (Larson et al., 1977; 
Ehrhardt et al., 1990). The relative toxicity of the UCM and oxidation products was tested 
by the measurement of mussel feeding rate. 
5.3 Results and discussion 
Table 5.0 presents the results of clearance rate (CR; rate of algal removal) obtained for the 
different FSW/toxicant solutions. Since different procedures were used during the course of 
the study the results must be considered as two individual experiments. 
Comparison of the mean CR values obtained for the UCM and oxidation products with 
the control in the original method (Exp. 1. ) shows there is a significant difference (5% 
significance level determined by comparison of means) in clearance rate for the oxidation 
products. This prompted further investigation using the modified method in which the 
concentration of toxicant in FSW was increased from 1 mg 1-1 to 2 mg 1-1. Also the 
clearance rate was measured using individual mussels which were smaller in order to ensure 
an increase in body burden. This modified method (Exp. 2a) gave much more definitive 
results. Comparison of the means again showed that there is a significant difference (5% 
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Table 5.0. Effect of UCM hydrocarbons and UCM oxidation products on Clearance Rate 
(CR) of mussels 
Expefiment 1. 
Condition Mean CR±S. E. Upper/Lower Mean CR Mean animal 
1/hr/mussell 95% C. I. (% of size(mm) 
control) 
Extraction 2.391 35.06 
Control 2.755 ± 0.194 3.118 - +33.4 
(EC) 
UCM (un- 2.012 35.60 
oxidised) 2.249 ± 0.127 2.487 81.7 +3.6 
Oxidation 1.701 35.60 
Products 2.076 ± 0.2 2.450 75.3 +3.5 
Experiment 2a. 
Condition Mean CR±S. E. UpperALower Mean CR Mean animal 
I/hr/mussel 1 95% C. I. (% of size (mm) 
control)2 
Extraction 1.03 34.1 
Control 1.27 ± 0.12 1.50 ±2.2 
(EC) 
UCM (un- 0.59 (67.8) 33.7 
oxidised) 0.86 ± 0.14 1.13 (EC) 1.2 
UCM 0.18 (21.9) 32.5 
oxidation 0.28 ± 0.05 0.37 (EC) 1.6 
, 
L__products 
Experiment 
2b. 
Condition Mean CR+-S. E. Upper4Lower Mean CR Mean animal 
L/hr/mussell 95% C. I. (% of size (mm) 
control)2 
Acetone 0.72 (72.6) '11.1 
control 0.92 0.1 1.12 (EC) 1.6 
(AC) 
UCM 0.54 (71.2) 31.0 
isolation 0.65 0.06 0.77 (AC) 2.0 
blank 
I Under given experimental conditions. 2 Of appropriate control (I. e. AQ. 
176 
significance level) between the aliphatic UCM and control. This is surprising as the UCM 
has generally been regarded as relatively non-toxic (Gilfillan et al., 1977). A blank from the 
UCM isolation procedure was therefore tested against an acetone control. The clearance 
rates measured in this last experiment (Exp. 2b) were probably low due to a seasonal 
variation in mussel feeding. However, by comparing the clearance rates of the UCM and 
isolation blank mussels as a percentage of the appropriate control (see Table 5.0) both blank 
and UCM were shown to induce a similar reduction in CR. From this evidence we conclude 
that the response observed for the aliphatic UCM can be attributed to unknown materials 
incorporated during the isolation procedure. The relatively non-toxic nature of the saturated 
aliphatic UCM components can be attributed to low solubility. Donkin et al. (199 1) showed 
that alkanes and substituted alkanes having a solubility < 0.7 ýImol dm-3 (e. g. 17-undecane) 
are likely to have no effect on the CR of mussels. The majority of UCM alkanes contain 
more than II carbon atoms and have a solubility below this threshold. 
In contrast, the UCM oxidation products caused a highly significant decrease (0.1 % 
significance level) in clearance rates relative to the extraction control (Figure 5.0). This 
increase in toxicity following oxidation may be due to the fact that the products of 
oxidation, carboxylic acids, ketones and lactones (Gough and Rowland, 1990,1991), 
although still hydrophobic have a greater solubility than the UCM hydrocarbons. 
Quantitative structure - activity relationship (QSAR) studies predict that such compounds 
should be narcotic toxicants, and this has been demonstrated for many compounds in these 
classes (Veith et al., 1983). 
Components of the saturated aliphatic UCM have no measurable effect on the feeding rate 
of mussels but the formation of smaller, more soluble products by oxidation results in an 
increase in toxicity. The polar products of oxidation (Burns et al., 1990), and in particular 
carboxylic acids (Hansen, 1975), have measurable half lives in marine ecosystems. Adverse 
effects on mussels and other ciliary feeding organisms may therefore be caused by UCM 
oxidation products formed in areas contaminated with petroleum hydrocarbons. 
The use of a model chemical oxidation system enables a rapid assessment to be made of 
the potential for toxicity enhancement during environmental oxidation of complex 
hydrocarbon mixtures isolated from a variety of different sources, including lubricating oils. 
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Figure 5.0. Effect of UCM hydrocarbons on mussel clearance rate (CR) 
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CHAPTER SIX 
Experimental Procedures 
This chapter describes the experiments conducted and the analyses performed during 
the study. 
6.1 General Procedures 
Glassware was pre-cleaned in chromic acid or a solution of 'Decon 90' (2 %), rinsed 
thoroughly with hot tap water, distilled water, oven dried (120'C; overnight) and finally 
rinsed with DCM immediately before use. 
Solvents were Rathburns (Walkerburn, UK. ) FIPLC or glass distilled grades. Solvent 
purity was routinely monitored by rotary evaporation (Buchi, 40'C; 100 CM3), transfer 
to a vial, evaporation to 50 W (N2) and analysis of an aliquot (0.5 ýtl) by gas 
chromatography (GC). 
Silica gel (Aldrich, 100 mesh) and aluminium oxide (BDH, grade 1, neutral) adsorbents 
used for chromatographic separations were Soxhlet extracted (DCM, 24 h) and dried 
(40'C) prior to activation. Adsorbents with the required percentage water were prepared 
according to Gough (1989) by activation (Si02,6h @ 185'C; A1203 @ 450'C), cooling zn 
in a desiccator, addition of water (Millipore grade) and homogenisation by mechanical 
shaking (3-5 h). 
Argentatious TLC plates were prepared on solvent-washed (acetone) glass plates (20 
cm x 20 cm) and spread with a slurry of silica gel (Merck 60 G, kieselgel) made with an 
aqueous solution of silver nitrate (10% w/v). Freshly spread plates were dried (120'C, 
1h), pre-eluted (ethyl acetate), the top 5 cm of adsorbent removed and the plate 
reactivated (120'C, I h) prior to use. Plates were stored in the dark. 
Anhydrous sodium sulphate, cotton wool and anti-bumping granules were all pre- 
extracted (Soxhlet; DCM, 24 h) prior to use. 
6.2 Fractionation of UCM Hydrocarbons 
The lubricating oil (Silkolene 150) used in this study was the same as that used by 
Gough, (1989) and Revill (1992). The crude oil (Tia Juana Pesado) was the same as that 
used by Revill (1992). Three previously uninvestigated refinery fractions from the BP 
refinery at Grangemouth, UK. were also used during the study. 
Fractionation of Silkolene 150 lube oil and Tia Juana Pesado (TJP) crude was carried 
out by micro-vacuum distillation. This involved the use of a packed fractionating column 
(400 mm x 20mm; 1: 1 multi- and uni-turn Fenske helices; 13 theoretical plates) equipped 
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with a fraction cutter. The oil (150 n-fl) was heated under vacuum (0.02 - 0.1 torr for 
Silkolene 150 and 0.1 torr for TJP) and cuts taken approximately every IO'C. Each 
fraction, along with the residue, was collected and weighed. 
6.3a Isolation of Aliphatic and Aromatic UCM Hydrocarbons 
Isolation of aliphatic and aromatic UCMs from lubricating oil and lubricating oil 
fractions followed the scheme outlined in Figure 6.1. This involved fractionation of the 
oil by open column liquid solid chromatography (700 mm x 20 mm i. d. ) packed with a 
hexane slurry of silica gel (60-100 mesh; 5% H20-SI02; 40 g) under alumina (grade I- 
neutral- 1.5 %H- 20 g). Lubricating oil (ca. 2 g) was applied in hexane (2 20-A1203) 
CM3) to the top of the column. The column was eluted with hexane (178 CM3), DCM 
(200 CM3) and methanol (200 CM3) to provide aliphatic, aromatic and polar fractions, 
respectively. Aliphatic and aromatic UCMs from UP crude and UP crude fractions 
were isolated according to the method of Davies and Wolff (1990). UP (ca. 200 mg) 
was pre-adsorbed onto aluminium oXide and added to the top of the column. The 
column was eluted with hexane (170 CM3) to yield an aliphatic fraction and 
hexane/toluene (3-1; 170 CM3) and hexane/toluene (1: 1; 170 cm3) to yield an aromatic 
fraction. Solvent was then removed by rotary evaporation (Buchi, 40'C), and the 
fraction transferred to a vial, evaporated (N2 blowdown) and weighed. 
The aliphatic fraction derived from the column chromatographic separation of Silkolene 
150 and Silkolene 150 fractions was further purified by argentatIous TLC with hexane 
as the mobile phase. The plate was visualised with dichlorofluoroscein (0.5 % in 
methanol) and examined under UV light (364 nm). The alkane band was removed, 
transferred to a plugged column, and the alkanes desorbed with hexane (2 column 
volumes) and DCM (1 column volume) and weighed. The separation efficiency of the 
argentatious TLC plates was monitored by simultaneous analysis of a standard mix 
containing n-eicosane (n-C20), n-eicos-I-ene (n-C20: 1), 1-phenyldecane and anthracene, 
(Rf values 0.7-0.8,0.5-0.6,0.3-0.35 and 0.05-0.2, respectively). 
Normal and monomethyl branched alkanes were removed from the total alkane fraction 
by urea adduction . The total alkanes 
(ca. 50 mg) were dissolved in hexane/acetone (2: 1 1) 
10 CM3) and a saturated solution of urea in methanol added dropwise (ca. 1 CM3). 
Solvent was removed (N2 stream) and the process repeated twice. Non-adduct (UNA) 
was recovered by the addition of hexane (10 CM3), ultrasonic agitation (Soruprep bath, I 
min) and centrifugation (2000 rpm, 10 min). The supernatant was filtered through a 
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Ag TLC 
Figure 6.1. Fractionation and isolation of aliphatic and aromatic UCM 
181 
Urea adduction 
defatted cotton wool plug and the process repeated twice with fresh solvent. The 
extracts were combined, evaporated (Buchi, 40OC; N2 stream) and the UNA alkanes 
weighed. 
The urea adduct (UA) was recovered by the addition of water (n-Hipore grade, 10 
CM3), transfer to a separating funnel and extraction with hexane (3 x 10 CM3). The 
extract was dried (anh. Na2SO4), solvent removed (Buchi, 40'C- N 2 stream) and UA 
fraction weighed. 
The UNA fraction provided the aliphatic UCM whilst the aromatic 'UCM' was the 
I aromatic fraction taken directly from column chromatography. 
6.3b Isolation of Refinery Fraction Aromatic UCM Hydrocarbons 
Isolation of monocyclic, dicyclic, tricyclic and tetracyclic aromatic fractions of three 
commercial refinery fractions (light gas oil (LGO), heavy cycle oil (HCO) and 
hydrotreated heavy cycle oil (HT-HCO) was carried out by the IP 391/90 method. This 
uses high performance liquid chromatography (BPLC) with refractive index detection 
and was carried out at British Petroleum Research Centre (Sunbury-on-Thames, UK. ). 
One Spherisorb 5 amino guard column and two Spherisorb 3 amino preparative columns 
were used in series with hexane as the mobile phase and refractive index detection. 
Calibration was by use of a2% v/v o-xylene, I% v/v I -methylnaphthalene and 0.1 % 
v/v phenanthrene in cyclohexane standard. 
6.5 Oxidation of Hydrocarbon UCMs and Synthetic Compounds 
All oxidations were performed using the apparatus described in Figure 6.2. 
6.5.1 Chromium trioxide oxidations 
Aliphatic UCM material was oxidised with chroi-nium trioxide (Cr03, Aldrich) 
following the method of Gough (1989). The sample (ca. 50 mg) was added to glacial 
acetic acid (May and Baker, AR grade, 10 CM3) in a two necked RBF equipped with a 
reflux condenser. The solution was pre-heated (70 ± 2'C, water bath) with stirring for 11) 4- 
five minutes and the oxidant (Cr03) added at a 10: 1 molar ratio of oxidant to substrate. 
The solution was maintained with stirring for 60 min, cooled (ice bath), and transferred 
to a separating funnel with water (Millipore, 10 CM3) and DCM (10 CM3). The DCM 
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layer was removed and the aqueous layer re-extracted with DCM (2 x 10 CM3). The 
DCM extracts were combined and back washed (Nfillipore grade water, 2x 10 CM3), 
dried (anh. Na2SO4) and the solvent removed to near dryness (Buchi, 40'C). The DCM 
extract was then hydrolysed using methanolic KOH (10 % KOH/methanol w/v) under 
reflux (30 min), cooled (room temperature), acidified to pH ca. I (conc. HCI), water 
added (ca. 5 CM3) and the total hydrolysed material extracted into DCM (3 x 10 CM3). 
The combined DCM extracts were dried (anh. Na2SO4) and methylated using 
BF3/methanol complex (Aldrich, 14 %, 10 cm3) under reflux (5 min). The total 
methylated oxidation products and residual unoxidised material were recovered by 
addition of water (10 CM3) and extracted with DCM (3 x 10 cm3), (water, 2xI Ocm. )), 
dried (anh. Na2SO4) and solvent removed (Buchi, 40'C- N 32 stream). 
In certain cases, oxidation was carried out using scaled down apparatus (Revill, 1992). 
Oxidation was carried out in I cm3 of glacial acetic acid, solvent volumes kept to a 
minimum and all solvent removal by N2 blowdown only. 
Total oxidation products (as methyl esters) were separated from residual unoXidised 
material by open column liquid chromatography (20 cm x2 cm i. d. ) packed with a 
hexane slurry of silica gel (60-100 mesh; 10 % H20-SI02). The total oxidation products 
and residual unoxidised material (ca. 30 mg) was applied in hexane (2 cm3), and eluted 
with hexane (20 CM3) to provide unoxidised material, and DCM (20 CM3) and 
DCNVmethanol (I - 1,20 CM3) to provide total methylated oxidation products. 
6.5.2 Chrornyl chloride oxidation 
Model UCM material (7-hexylnonadecane) was oxidised with Cr02CI2 following the 
scheme outlined in Figure 6.3. The procedure used was a modification of that reported 
by Haines (1985), and involved the addition of 7-hexylnonadecane (ca. 50 mg to CC14 
(5 CM3) in a two-necked RBF (25 CM3) equipped with a reflux condenser . 
The mixture 
was then cooled in an ice bath with stirring (20 min) followed by addition of the oxidant 
(Cr02CI2) at a 20-1 molar ratio of oxidant to substrate in CC14 (5 CM3). The ice bath 
was removed and the mixture stirred at room temperature for a further I h, and then 
heated slowly to reflux over another I h. The solution was stirred and heated under 
reflux for 5 h, then cooled and transferred to a separating funnel with water (10 cm3) 
and DCM (10 cm3). The contents were shaken, the lower DCM layer removed and the 
aqueous layer re-extracted with additional DCM (2 x 10 CM3). The DCM extracts were 
combined and washed (H20,2 x 10 CM3), and the combined organic extracts and 
combined aqueous layer and water washings were prepared for analysis as detailed 
below. 
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Figure 6.3. Scheme for chromyl chloride oxidation 
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6.5.2.1 DCM soluble products 
The combined water washed DCM extracts were concentrated to near dryness (Buchi, 
40 0 C) and hydrolysed using methanolic KOH (10 % KOH; methanol w/v) under reflux 
(30 min). After cooling (room temperature) the hydrolysed material was acidified to pH 
ca. I (conc. HCI), water added (5 cm3), and the total hydrolysed organic material 
extracted into DCM (3 x 10 CM3). The DCM extracts were combined, dried (anh. 
Na2SO4) and methylated using BF3/methanol complex (14 %, 10 CM3) for 5 min. Total 
methylated oxidation products and residual unoxidised material was recovered by the 
addition of water (10 CM3), extraction with DCM (3 x 10 cm3), water washing of the 
combined extracts (I x 10 CM3), drying (anh. Na2SO4), and solvent removal (Buchi, N2 
stream). 
In certain cases, a mass balance of the oxidation was performed. Oxidation conditions 
and procedures were as above except that a fixed amount (0.5 mg) of an internal 
standard (decachlorobiphenyl) was added. 
6.5.2.1 Water soluble products 
Short-chain, water soluble acid products were quantified, by esterification of acids to 
butyl esters (Eglinton et aL, 1987). Briefly, the aqueous extract was filtered, an internal 
standard added (n-decanol) and the pH adjusted (8-9, IM KOH) before drying using a 
combination of rotary evaporation (Buchi, 70'Q and evaporation using a stream of 
nitrogen. BF3/n-butanol (I CM37 14 % v/v, Chrompack) was added, and after 
ultrasonication (2 min), the mixture was heated in a water bath (1000C, 30 min) to 
complete esterification. Unreacted n-butanol and acids containing hydroxyl groups were 
converted to trifluoro acetates by the addition of trifluoroacetic anhydride (I cm3 7 
10 
min, room temperature). The resultant esters were dissolved in DCM (10 CM3) and 
washed with distilled H20 (2 x 10 CM3) prior to analysis by GTC and GC-MS. 
6.5.3 Ruthenium tetroxide oxidation 
Oxidation of the aromatic UCM was performed in a chloroform/acetorutnle/water/ 
ruthenium (111) chloride trihydrate mixture (Stock el aL, 1982) (Figure 6.4). Typically, 
aromatic UCM (ca. 50 mg) or authentic aromatic hydrocarbon standards (ca. 100 mg) M 
in chloroform (4 CM3) was placed in a conical flask (100 cm3) and ruthenium (III) 
chloride trihydrate (2.6 mg), sodium periodate (3.4 g), acetonitrile (4 CM3) and water (6 
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CM3) added. The flask was sealed and stirred vigorously (glass magnetic) whilst being 
gently heated (350C ± IOC, water) for 24 h. The reaction supernatant was transferred to 
a separating funnel and partitioned into DCM soluble and aqueous soluble products 
using H20 (30 CM3) and DCM (3 x 5CM3). Extracts were water washed (2 x 10 cmi) 
and dried (anhydrous sodium sulphate) and the solvent removed (Buchi, N2 stream). 
Acidic oxidation products were separated from non-acidic oxidation products and 
residual unoxidised material by base extraction. Total oxidation material (ca. 30 mg) was 
saponified using methanolic KOH (10 % KOH/methanol w/v) under reflux (30 min), 
transferred to a separating funnel with water (10 CM3) and DCM (10 CM3). The organic 
layer was removed and the aqueous layer re-extracted with DCM (10 CM3). The 
combined organic extract was back washed (water, 2x 10 CM3), dried (anh. Na2SO4) 
and solvent removed (Buchi, 40'C, N2 stream) to give non acidic oxidation products 
and residual unoxidised material. The aqueous layer and back washings were then 
combined, acidified to pH I (conc. HCI) and extracted with DCM as previous to give 
the acidic oxidation products. Acidic oxidation products (ca. 20 mg) were subjected to 
methylation (BF3/methanol complex). Total methylated products were recovered by the 
addition of H20 (10 cm 3) and extracted with DCM (I x 10 CM3,2 x5 CM3), washed 
(H20,2 x 10 cm3), dried (anh. Na2SO4) and the solvent removed (Buchi, N2 stream)- 
6.5.3.1 Water soluble acids 
The aqueous-soluble products of oxidation were acidified to pH 2 (conc. HCI) and 
transferred to a liquid-liquid extractor (light solvent) containing ether (300 CM3) and 
extracted for 24 h. The solvent was then removed (Buchi, rm. temp) and the contents 
transferred to a reacti-vial. BF3/n-butanol (Chrompack, 14 % w/v; 0.5cm3) was added, 
and after ultrasonication (30 sec), the mixture was heated (80'C, I h) to complete 
esterification. The resultant mixture was then dissolved in DCM (5 CM3) and washed 
with distilled H20 (2 x5 CM3). Unreacted n-butanol was removed by open column liquid 
solid chromatography (25 cm xI cm i. d. ) packed with a hexane slurry of silica gel (60- 
100 mesh), the sample applied and eluted with DCM (60CM3). 
6.5.4 Carbon dioxide 
Carbon dioxide generation was detern-dned titrimetrically using the method of Standen 
(1992). The gas from the oxidation was flushed (Ar, -2 CM3 min. -I) through a trap (I: I 
pyridine/ethanol) to remove HCl and S02, and absorbed into a standardised (0.05 M) 
Ba(OH)2 solution, thereby forming insoluble barium carbonate. Excess hydroxide was 
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titrated with standardised HCI (0.1 M) to the first end point (phenolphthalein indicator - 
pink to clear) before titration with a second (screened methyl orange - green to violet) 
indicator. Corrections were based on the blank titres obtained. The efficiency and 
reproducibility of the C02 trap was determined by titration Of C02 generated from 
addition of HCI to known amounts of BaC03- 
6.6 Fractionation of Acidic Aromatic UCM Oxidation Products 
An IHPLC method for the separation of monocyclic, dicyclic and tricyclic saturated 
carboxylic acids and aromatic carboxylic acids was developed. A liquid chromatograph 
equipped with a Merck fEtachi L-6200 intelligent pump, L-6000 pump, UV-vis detector 
(Merck fEtatchi L-4200), injector incorporating a 100 ýtl sample loop, and Waters 
Novapack column (CI8,60 A, 4 ýtm, 3.9 x 300 mm). Chromatograms were recorded 
using a fEtachi D-2500 chromato-integrator. Acids were separated using an acetonitrile 
and water (pH 2) gradient elution (40 % acetonitrile (5 rnin), 40 %- 50 % (5 min), 50 % 
- 80 % (10 min); 1 CM3 min-1) and the detector set to 210 nm. The technique was 
validated using cyclohexane carboxylic acid, decahydonaphthalene-2-carboxylic acid, 
tetradecahydroanthracene-9-carboxylic acid and benzoic acid. Fractions were recovered 
by transfer to a separating funnel and extraction with DCM (3 x 10 CM3). The extract 
,2 stream). 
After removal of was dried (anh. Na2SO4), solvent removed (Buchi, 40'C- N 
the solvent each fraction was analysed by GC- and GC-MS. 
6.7 Analyses 
6.7.1. a Gas chromatography (GQ 
Gas chromatography was carried out on a Carlo Erba 5300 Mega series gas 
chromatograph fitted with a 25 m fused silica capillary column (0.32 mm i. d. ) coated 
with DB-5 stationary phase (J&W inc. USA. ). Typically the oven was programmed from 
400C to 300'C at 50C min-I and held at 3000C for 10 min. Hydrogen was used as the 
carrier gas (2 cm3 min-I at 250'C). The flame ionisation detector parameters were 
optimised for response to n-alkanes (320'C; H2,45 kPa; Air, 180 kPa). 
Column performance was monitored daily by injection of an alkane mixture and 
occasionally a Grob-type mix was also injected to monitor column activity. 
189 
All chromatograms were recorded using a Shimadzu C-R4A chromatopac computing 
integrator. Estimates of percentage resolved compounds versus percentage unresolved C) 
were determined electron1cally using a time slice area program (Appendix 1). 
6.7.1. b Enantios elective gas chromatography 
Enantio selective separations were carried out on a Carlo Erba Series 5300 Mega gas 
chromatograph fitted with a chiral Lipodex B (Macherey Nagel, Duren, FRG; 30 m, 
0.25 mm. i. d. ) modified cyclodextrin stationary phase column using flame ionisation 
detection (280'C) and split injection (300'C, 100: 1). Hydrogen (I Bar) was used as the 
carrier gas. The oven was programmed from 135'C to 200'C at YC Min-I following an 
initial conditioning period of 30 min at 140'C prior to injection. All chromatograms were 
recorded using a Shimadzu C-R4A chromatopac computing integrator. 
6.7.2. a Gas chromatography - electron impact mass spectrometry 
Analysis of selected samples was performed on a Hewlett Packard MSD GC-MS 
system. A 12 m (0.2 mm. i. d. ) fused silica column coated with IIP-I (Hewlett Packard) 
was used, with auto splitless injection (250'C; 0.5 ýtl) and helium as the carrier gas. The 
oven was programmed as for GC. Mass spectrometer operating conditions were- ion 
source temperature, 250'C; ionisation energy, 70 eV. Spectra (35-600 Daltons) were 
collected using Chemstation software. 
6.7.2. b Enantioselective gas chromatography - electron impact mass spectrometry 
Selected aliphatic UCM oxidation products were analysed by enanti o selective GC-MS 
using a Carlo Erba Series 5160 Mega chromatograph fitted with a Lipodex B (Macherey 
Nagel, FRG) chiral column coupled to a Kratos MS25 double focusing magnetic sector C) 
mass spectrometer. Split injection (100-1) and helium carrier gas were used and the 
column oven programmed as for enantio selective GC. Mass spectrometer conditions 
were- ion source temperature, 250'C; ionisation energy, 40 eV; filament emission 
current, 400 ýtm. Spectra (50-500 Daltons) were collected each second using a 
Tektronix Data General system with DS90 software. 
Enantioselective electron impact GC-MS was also performed by Professor W. A. 
Konig (Institut ffir Organische Chemie, Universitat Hamburg, FRG) using a 25m fused 
silica column coated with oktakis(3-0-butanoyl-2,6-di-0-pentyl)-y-cyclodextrin coupled 
to a Finnigan MAT mass spectrometer. The column oven was progranuned from 90'C 
to 160'C at a rate of VC min-1. 
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6.7.2. c Enantioselective gas chromatography - chemical ionisation mass 
spectrometry 
Selected aliphatic UCM oxidation products were also analysed by enantio selective 
GC-MS using chernical ionisation using isobutane as the reactant gas. This was 
performed by Professor W. A. K6nig using the same instrument as for electron impact 
but in the chemical ionisation mode. 
6.7.3 Probe chemical ionisation - mass spectrometry 
Probe CI was carried out by Shell Research (Sittingbourne, UK) using a Finnigan 
MAT90 sector mass spectrometer (mass range, 80 - 880 Daltons) using methane as the C) 
reactant gas. The instrument was calibrated in the El mode using perfluorokero sine. 
6.7.4 Ion cyclotron resonance spectroscopy 
ICR was performed by BP Research (Sunbury-on-Thames, UK) using a Nicolet FTMS 
2000 in the negative ion chemical ionisation mode using both methanol and ammonia as 
the reactant gas. Aromatic UCM oxidation products were analysed as their methyl 
esters. Mass spectrometer operating conditions were- magnet field strength, 3 T-) 
trapping potential, 2 V; beam energy, -6 eV; ionisation period 50 ms; post ionisation 
ejection, 100 - 600 kHz; C1 reaction period 100 ms; ion transfer optimised for m. - 130 
and m1z 250. 
6.7.5 Ultra violet absorption spectroscopy 
UV absorbance spectra of selected aromatic fractions were recorded using a Perkin 
Elmer Lambda 7 UV/visible spectrophotometer. Samples in hexane were measured 
against a solvent blank. 
6.7.6 Nuclear Magnetic Resonance Spectroscopy 
13C- and 1H-NMR spectra of samples in deuteriated chloroform (TMS reference) were 
recorded using a Jeol 270 MHZ high resolution FT-NMR- 
6.7.7 Infra red spectroscopy 
IR spectra of neat liquid films (NaCl discs) were recorded on a Perkin Elmer 298 infra 
red spectrometer. Spectra were calibrated with a polystyrene film. 
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6.7.8 Polarimetery 
Specific rotation for certain synthesised compounds was determined using a Model A, 
Bellingham and Stanley polarimeter. Samples, dissolved in DCM, were placed in 5 cm-) 
sample tubes and the degree of rotation measured. Specific rotation was then calculated- 
IOTC = Observed rotation, ao 
D Path length, I (dm) x Concentration of sample, C (g CM-3) 
6.7.9 Compound identification 
Compounds were identified by co-injection with authentic compounds on GC columns 
of different polarity and by comparison of GC retention indices with literature values. 
Identifications were also made by high resolution GC-MS by the comparison with the 
spectra of authentic compounds and published spectra. 
6.8 Preparation of Authentic Compounds 
6.8.1 Synthesis of I-propyl-l-methylbutyrolactone 
The synthesis of the I-propyl-l-methyl-butyrolactone was adapted from Bunce and 
Reeves (1990). 
4-Methyl-3-heptenoic acid 
A mixture of 10.4 g (0.1 mol) of malonic acid and 13.4 CM3 (11.4 g, 0.1 mol) of 2- 
methylvaleraldehyde was treated with 2 CM3 of triethylanuine. Anti-burnping granules 
were added and the mixture was refluxed for I h. At the end of the heating period, the C 
reaction was cooled to room temperature and transferred to a separation funnel using 
20-40 cm3 of ether. The mixture in the separation funnel was washed once with ice cold 
10 % HCI (100 CM3), the layers were separated and the aqueous layer discarded. The 
organic layer was then washed with 5% NaOH (100 CM3), and the organic layer 
discarded. The aqueous layer was then extracted with ether (100 CM3), and the organic 
layer discarded. The aqueous layer was then re-acidified with 10 % HCI (100 cm3) and 
3)- the aqueous layer was discarded. The organic layer was extracted with ether (100 cm , 
washed with saturated aqueous sodium chloride, dried over MgS04, filtered and 
concentrated in a RBF (Buchi, 40'C). 
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I -propyl- I -m ethyl- butyrolactone 
4-Methyl-3-heptenoic acid was placed in a 100 cm" RBF with an equal weight of 
Amberlyst-15 and 10 CM3 of heptane. The rt-ýixture was refluxed vigorously for I h, then 
cooled. The Amberlyst- 15 was removed by filtering through a funnel containing a cotton Ztý 
wool plug, and the filtered catalyst then rinsed with 5 CM3 of ether. The solution was 
concentrated, and the resulting oil was vacuum distilled at aspirator pressure (28-30 mm 
Hg) and the I-propyl-l-methylbutyrolactone collected. This was then examined by FT- 
IR, NMR (13C) and GC-MS (EI & CI). 
Further purification of the sample was achieved by adding it to 2% NaOH (10 cm3) in a 
separating flask and extracting with ether (10 CM3), discarding the aqueous layer, drying 
over MgS04, filtration and concentration. 
This was then examined using a polarimeter (Bellingham and Stanley, Model A) to 
confirm that a racemic mixture was present. 
6.8.2 Synthesis of decahyd ro nap hth alene-2-carboxylic acid 
The synthesis of decahydronaphthalene-2-carboxylic acid was adapted from Dauben 
and Hoerger (1951). A mixture of 200 mg of 2-naphthoic acid in 10 CM3 of glacial 
acetic acid and 100 mg of platinum oxide was hydrogenated at 100 psi and room 
temperature for 72 h. The catalyst was filtered, the extract made neutral with 50 % 
potassium hydroxide and then extracted with hexane (3 x 10 cm3). The solvent was then 
12 stream) and the sample weighed. 
This was then examined by removed (Buchi, 40'C- N 
FT-IR, NMR (13C) and GC-MS (EI). 
6.8.3 Synthesis of tetrad ecahyd roanth racen e-9-carboxylic acid 
Tetradecahydroanthracene-9-carboxylic acid was synthesised using the same 
procedure as for decahydronaphthalene-2-carboxylic acid. 
6.9 Toxicity Experiments 
6.9.1 Isolation and oxidation of UCM 
The saturated aliphatic UCM of Silkolene 150 lubricating oil was isolated from its 
hydrocarbon base stock by the method outlined in Section 6.3. The fraction was then 
partitioned against water (3 xI OCM3) to remove any water soluble contanunants. 
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Chemical oxidation of the UCM was carried out as described in Section 6.4.1. The 
products were then analysed by GC and G-C-MS to show that they were typical of the 
method (cf. Gough, 1989; Gough and Rowland, 1991). 
6.9.2 Mussels (Mytilus edulis): Collection and maintenance 
Mussels of between 28 and 38 mm shell length were collected from the intertidal zone 
of Beggar's Island at the confluence of the Lynher and Tamar rivers near Plymouth, UK. 
by the method of Donkin et al., (1989). Mussels were cleaned of epibionts then held in 
open flow polythene tanks in recirculating sea water (3 m3 vol) at 33 %o salinity with an 
artificially produced tidal regime which aerially exposed the mussels for two periods of 
2.5 h each day. The temperature of the system was initially at field-ambient then 
increased 2'C day-1 to 15'C. Thereafter the animals were allowed 7 days to acclimate to 
laboratory conditions before measurement. They were fed with the diatom 
Phaeodactylum tricornutum at a rate of approximately 8 mg dry algal mass/animal per 
day. 
6.9.3 Exposure of mussels to toxicant and measurement of feeding rate (clearance 
rate) 
During the course of this investigation two procedures were used, both modified from 
a technique described previously (Donkin et al., 1989; 1991). 
Initial procedure (Experiment 1. ) 
16 mussels (size range 35 ± 3.5 mm) were placed in a 20 1 round bottomed reaction 
flask and exposed (24 h) to 10 1 of toxicant in filtered sea water (FSW) solution, 
prepared by injecting 0.5 CM3 of acetone/toxicant (20 mg cm-3) for UCM and UCM 
oxidation products, and blank oxidation/control was dissolved in the same volume of 
acetone from a glass stainless steel syringe into 10 1 of FSW at 150C in a glass aspirator. 
The UCM and UCM oxidation product concentration in FSW was therefore 1 mg 1-1. 
The mussels were fed continuously with algal culture (Phaeodactyhtm tricornutum). 
A JCI. 
ivaer the initial 24 h exposure period the mussels were transferred in pairs to 21 
beakers containing 21 of freshly prepared toxicant/FSW solution (20 1). Algae were 
added to each beaker, the rate of their removal was determined using a coulter counter 
and the clearance rate (CR) calculated. 
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This original procedure produced CR figures which were significantly different (5% 
significance level) for the oxidation products and suggested a trend from little effect 
from the saturated aliphatic UCM to some effect from the UCM oxidation products. 
This prompted further investigation using a modified procedure designed to produce a 
greater concentration of toxicant in FSW and to increase the body burden of the mussel. 
Modified procedure (Experiment 2. ) 
10 mussels (average size <35 mm) were exposed to 51 of toxicant in FSW solution, 
prepared by adding 0.5 cm3 of toxicant/acetone, giving a UCM and UCM oxidation 
product concentration of 2 mg 1-1. Mussels were exposed initially for 24 h. CR was 
measured as before, except the mussels were placed individually in 21 beakers 
containing II of toxicant in FSW and the control beaker contained FSW only. 
This procedure was initially used to test the saturated aliphatic UCM, UCM oxidation 
products and oxidation blank (Experiment 2a) as in the original experiment. Further tests 
were carried out on a UCM isolation blank and acetone control (Experiment 2b). 
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CHAPTERSEVEN 
Overall Conclusions and Proposed Future Work 
The overall conclusions of the study are given. Many aspects of the work were 
productive. A significant advancement in the quantitative characterisation of aromatic 
UCMs by a combination of Ru04 oxidation and ICR has been achieved Ae 
environmental importance of UCMs has been shown to extend to UCM oxidation 
products as shown by their effect on musselfteding rates. Suggestionsforfitture work 
are g7ven. 
7.1 Overall Conclusions 
Unresolved complex mixtures (UCMs) of hydrocarbons are quantitatively important in 
biodegraded crudes, refinery fractions and oil-polluted sediments. Several recent studies 
have suggested that simple 'T-branched alkanes' (Gough and Rowland, 1990 199 1; 
Killops and AI-Juboori, 1990) are important components of the aliphatic UCM whilst 
alkyl and cycloalkyl substituted tetralins have been proposed as components of the 
aromatic UCM (Revill, 1992). The overall objective of the current study was to 
complement and to add to current UCM knowledge whilst also opening new avenues of 
research. This was to be achieved with the following aims- 
1. To characterise further an aliphatic petrogenic UCM isolated from a mineral base 
hydrocarbon feedstock. 
2. To characterise the unresolved aromatic fraction of both refinery fractions and crude 
oil. 
3. To obtain structural information by analysis of the unresolved products of oxidation 
(Ucmox. ). 
4. To measure the toxic effect of aliphatic UCMs. 
Due to the limitations of the most extensively used Cr03/AcOH reagent for aliphatic 
UCM oxidation, Cr02CI2 was investigated as an alternative. However, oxidation of a 
model UCM hydrocarbon 7-hexylnonadecane was erratic and a mass balance approach 
showed that complete oxidation of the alkane to C02 created major losses whilst minor 
losses were due to the formation of water soluble products and difficulties encountered 
during work up procedures. It is concluded that the technique is not suitable for the 
reproducible oxidation of UCMs. However the development of the mass balance 
methodology will be important for evaluation of other oxidation techniques. 
Currently Cr03/AcOH remains the oxidant of choice for the degradative analysis of 
aliphatic UCMs and following a preliminary study which suggested that the compounds 
within Dulton total saturates and GPC fraction 2 were structurally similar, six Silkolene 
150 distillate fractions and the residue were oxidised by Cr03/AcOH in a modified 
procedure which incorporated the mass balance approach. The resolved products of 
oxidation were similar in each fraction, namely n-monocarboxylic acids, n-alkan- 2 -ones, 
I. so-alkan-2-ones and y-lactones. It is inferred that the compounds within each fractlon 
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are structurally similar and appear to be mixtures of highly branched alkyl acyclic and 
monocyclic alkanes. Comparison with the results of the preliminary experiments on 
Dulton lube oil and the results of Gough (1989) for a Shell paraffinic lube oil make it 
tempting to suggest that this homogeneity extends to other lube oils, however a 
substantial portion (71 ± 4%) of the isolated oxidation products remained unresolved 
and further analysis of the unresolved products of oxidation (UCMOx. ) is required before 
any further conclusions can be made. Mass balance showed that only small amounts of 
C02 were produced in each oxidation and the major losses were unaccounted for but 
attributed to the formation of low molecular weight water soluble acids (< CJ 
Enantio selective GC-MS was used to characterise further the resolved products of 
aliphatic UCM oxidation. It was shown that the y-lactones present in Silkolene 150 
lubricating oil Cr03 / AcOH oxidation products were all racemic mixtures consistent 
with the oxidation mechanism proposed by Gough (1989), whereby lactones result from 
the oxidation of methyl branched alkanes. 
Ru04 oxidation was used to characterise aromatic hydrocarbon UCMs by 
reconstruction of the precursor substrate molecules by re tro- structural analysis. The 
method was validated by oxidation of a suite of authentic aromatic compounds and it 
was established that Ru04 oxidation provides a method whereby aliphatic structural 
substituents of monoaromatics are largely preserved as aliphatic acids. This approach 
was then used to analyse relatively simple refinery HPLC fractions. The principal 
resolved products in each oxidation were n-monocarboxylic acids with iso- and anteiso- 
monocarboxylic acids as minor resolved products. Other homologous series of 
compounds included dicarboxylic acids present in the aqueous phase. C02 was also an 
important product of oxidation and correlates with the degree of unsubstituted aromatic 
ring carbons present. It was shown that LGO-mono-, LGO-di-, HCO-mono- and HCO- 
diaromatic fractions contain little or no hydroaromatic structures and/or alkyl bridging 
groups. It is suggested that the absence of dicarboxylic acids in the water soluble phase 
(ý C6) is accompanied by the absence of such dicarboxylic acids in the unresolved 
portion of the DCM soluble phase and that the acidic UCM present in the oxidation 
products of the above samples is comprised mainly of mixtures of branched 
monoaromatics derived from branched alkylbenzenes. The hydrotreated HCO- 
monoaromatic sample showed a similar distribution of monocarboxylic acids to the 
HCO-monoaromatic fraction but with a more dominant acidic UCM. Dicarboxylic acids 
dominated the composition of the water soluble acids and it may be reasonable to 
suggest that the acidic UCM observed in the DCM soluble phase is comprised mainly of 
dicarboxylic acids derived from alkyl tetralins. Subsequent ICR analysis of the DCM 
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soluble oxidation products supports this theory and it appears that the acid distribution 
within the water soluble phase seems to be a good reflection of the composition of the 
more complex DCM soluble phase. 
Due to the difficulty of removing resolved aromatic compounds the aromatic UCM of 
an in-reservoir biodegraded crude oil, Tia Juana Pesado (Venezuela) was chosen and 
fractionated by micro vacuum distillation to yield seven smaller aromatic UCMs- 
Following probe CIMS and 1H NMR analysis these fractions were then analysed by the 
Ru04 retro- structural analysis method. As in the previous study of refinery HPLC 
fractions the principal resolved products in each oxidation were n-monocarboxylic acids 
with iso- and anteiso-monocarboxylic acids as minor products. Retro-structural analysis 
suggests a lack of homogeneity within the aromatic UCM whilst it is also evident from 
C02 measurements and aromatic proton: aliphatic proton ratios that the components of 
the aromatic UCM are highly aliphatic in nature. This approach also indicates that alkyl 
hydroaromatic groups and/or bridging groups are prevalent within the aromatic UCM 
and that the model UCM structures proposed by Revill (1992) (Figure 3.0 1, Section 3.1) 
are suitable models. 
Even after oxidation a significant proportion of the oxidation products remain 
unresolved (UCMOx.; ca. 70-95%). Two techniques were used in an attempt to 
characterise further the products of oxidation. Fractionation of the postulated UCMOx. 
components by preparative HPLC showed that although BPLC fractionation does result 
in an increase in the percentage of resolved components and gives an indication of the 
distribution of compound types within the UCMOX. it does not provide the specific 
information required to obtain further structural information via the i-etro- structural 
analysis approach described in Chapter 3. Analysis of UCMOX. by ion cyclotron 
resonance spectrometry (ICR) was much more successful and allowed previously 
unresolved oxidation products (UCMOj to be partially characterised which has led to a 
significant improvement in UCM characterisation. HCO-monoaromatics was shown to 
contain predominantly alkyl substituted monoaromatics wl-fflst the hydrotreated sample 
(HT-HCO-mono) contained alkyl and cycloalkyl substituted hydroaromatic structures. 
FIMS supported the postulated structures. This result is as expected for a hydrotreated 
and non-hydrotreated sample and is important for the characterisation of refinery 
feedstocks in order to improve current process models. The UCMO,. obtained from the 
Ru04 oxidation of diaromatics was more complex, analysis of HCO-diaromatics 
suggested that the sample was predorninantly comprised of alkyl and cycloalkyl 
substituted naphthalenes. 
198 
The toxicity of a saturated aliphatic UCM and its chemical oxidation products was 
tested by measurement of mussel feeding rates. The components of the saturated 
aliphatic UCM were shown to have no measurable effect on the feeding rate of mussels 
whilst the formation of smaller, more soluble products by oxidation resulted in an 
increase in toxicity. This increase in toxicity was attributed to an increase in aqueous 
solubility and as the polar products of oxidation, and in particular carboxylic acids 
(Hansen, 1975), have been shown to have measurable half lives in marine ecosystems 
adverse effects on mussels and other ciliary feeding organisms may therefore be caused 
by UCM oxidation products formed in areas contaminated by petroleum hydrocarbons. 
7.2 Proposed Future Work 
Within the current study and in the recent literature (Altgelt and Boduszynski, 1994) 
much emphasis is placed upon fractionation of complex hydrocarbon mixtures prior to 
further analysis by distillation. One technique which may produce even narrower 
distillation cuts than those obtained within this investigation is the Fischer HMS 500 
automated mini-distillation system (Pedersen et aL, 1989). Altgelt and Gouw (1979) 
recommend that for the highest degree of sorting at least two fractionational steps using 
different separatory principles should be used, therefore other separatory techniques 
should not be neglected. Suitable techniques may include centrifugal partition 
chromatography (CPC; Menges et aL, 1993) and supercritical fluid chromatography 
(SFC; Roberts, 1995). 
Due to the unsuitability of Ci-02CI2, an alternative oxidant to Cr03 is required for the 
chemical degradation of aliphatic UCMs. There are few methods which are suitable for 
the oxidation of saturated hydrocarbons, however, 'Gif systems have been widely used 
for the functionalisation of hydrocarbons (Barton et aL, 1986) and their mechanisms 
have been studied in depth. 
Although the Ru04 method was successful in the characterisation of both aromatic 
refinery fractions and UCM distillate fractions, improvements can be made. The 
observed losses of low molecular weight acids following the oxidation of hydroaromatics 
should be addressed. One possible avenue of investigation may be to oxidise uniformly 
14C radio-labelled tetralin and measure the levels of activity in the DCM soluble phase, 
water soluble phase and C02 trap. 
Improvements in obtaining further structural information may include the 
dehydrogenation of a UCM sub-sample prior to oxidation; any hydroaromatic structures 
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would be dehydrogenated. Subsequent oxidation of both samples would give a 
hydrogenated - unhydrogenated dicarboxylic acid ratio which could then be used to 
determine the alkyl hydro aromatic - (x, co -diphenyl alkane precursor ratio within the sample 
(Olson et aL, 1986). A greater selection of authentic diaromatic standards should be 
investigated in order for the structural information held in the phenyl keto-acids (as 
methyl esters), formed by Ru04 oxidation of diaromatic oil fraction and detected by 
ICF, to be more useful. 
If Ru04 is to be developed further as a method for obtaining detailed structural 
information, a greater understanding of the mechanism of oxidation of alkyl 
monoaromatics is required in order that both the losses incurred and ketone formation to 
be understood. 
ICR proved to be a valuable technique for the analysis of Ru04 oxidation products. 
Both the Ru04 products obtained from the oxidation of the UP distillate fractions and 
the Cr03 oxidation products from the Silkolene 150 distillate fractions should be 
analysed by ICR in order for the UCMOX. observed in the gas chromatograms of the 
above samples be characterised and to confirm the structures present within the 
precursor UCMs. 
Further characterisation of the UCMOx. may also be achieved by persisting with I-IPLC 
group type separation, possibly using ion suppression reverse phase chromatography or Z-) Z-: ) I= 
ion exclusion chromatography (P. Jones, Personal communication; e. g. Walton, 1992). 
This will have the advantage of separating compounds of differing ion-ic strengths. 
The limitations of NNM in the analysis of complex mixtures due to unresolved spectra 
resulting in band overlap are mentioned within this study, however, the possible future 
improvements in some advanced NMR techniques (Brown and Lander, 1960), may be 
useful for UCM characterisation. Such techniques utilise vigorous mathematical relations 
between structural parameters. To date these techniques have only been tried with model 
calculations but in principle they may provide information on alkyl chains and complex 
ring systems. Such methods may serve to complement existing chromatographic and 
degradative techniques. 
The mussel clearance rate method for the determination of UCM and UCM oxidation 
product toxicity was proposed as a 'model' in assessing the toxicity potential of aliphatic 
UCMs in the environment. The observed increase in toxicity as a result of oxidation was 
suggested to be due to an increase in solubility and the relatively non-toxic nature of the 
aliphatic UCM hydrocarbons due to their low aqueous solubility. The solubility cut off 
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point has been suggested to be around n-CII (Donkin et aL, 1989), however the 
branched alkanes which have been suggested to be present in the aliphatic UCM (Gough 
and Rowland, 1990) have lower aqueous solubilities than the representative n-alkanes. 
Recent work by Wraige et aL (1995) has suggested that this solubility cut off point 
varies seasonally with the lipid content of the mussels. Seasonal variations of the toxicity 
of the aliphatic UCM toxicity should be investigated in order to determine their effects in 
regions of high petroleum contamination. Also the effect of aromatic UCM 
hydrocarbons on mussel clearance rates should be investigated as a large proportion of 
aromatic UCM hydrocarbons have lower aqueous solubility. 
201 
REFERENCES 
References 
Alexander, R.; Bastow, T. P.; Kagi, R. I. and Singh, R. K. (1992) Identification of 1,2,2,5- 
tetramethyltetralin and 1,2,2,5,6-pentamethyltetralin as racemates in petroleum. J 
Chem. Soc., Chem. Commun. 23,1712-1714. 
Altgelt, K. H. and Boduszynski, M. M. (1994) Composition and Analysis of Heavy 
Petroleum Fractions. Marcel Dekker, New York. 
Armanios, C.; Alexander, R.; and Kagi, R. I. (1992) Shape-selective sorption of 
petroleum hopanoids by ultrastable Y zeolite. Org. Geochem. 18,399-406. 
Armstrong, D. W.; Tang, Y.; and Zukowski, 1 (1991) Resolution of enantiorneric 
hydrocarbon biomarkers of geochernical importance. AnaL Chem. 63,2858- 
2861. 
Barton, D. H. R.; Bovin, J.; Motherwell, W. B.; Ozbalik, N.; and Schwartzentruber, K. M. 
(1986) Functionalisation of saturated hydrocarbons. Part V. Studies of the 
catalytic Gif systems for oxidation with molecular oxygen, and working 
hypothesis on the mechanism. Nouv. J Chim. 10,387-398. 
Boehm, P. D.; Barak, D. L.; Fiest, D. L.; Elskus, F. and Elskus, A. A. (1982) A chemical 
investigation of the transport and fate of petroleum hydrocarbons In fittoral and 
benthic environments- The Tsesis oil spill. Mar. Etiviron. Res. 6,157-188. 
Boucher, R. J.; Standen G.; Patience, R. L. and Eglinton, G. (1990) Molecular 5 3p 
characterisation of kerogen from the Kimmerage clay formation by mild selective 
chemical degradation and solid state 13C-NNM. Org. Geochem. 16,951-958. 
Boucher, RT; Standen, G. and Eglinton, G. (1991) Molecular characterisation of 
kerogens by mild selective chemical degradation- ruthenium tetroxide oxidation. 
Fuel. 70,695-702. 
Bunce, R. A. and Reeves, H. D. (1990) y-Nonanoic lactone: Synthesis of a fragrance and 
flavour enhancer in the undergraduate laboratory. J Chem. Edit. 67,69-70. 
Burns, K. A.; Ehrhardt, M. G.; MacPherson, J.; Tierney, J. A.; Kananen, G. and Connelly, 
D. (1990) Organic and trace metal contaminants in sediments, seawater and 
organisms from two Bermudan harbours. J Exp. Mar. BioL EcoL 138,9-34. 
Burns, K. A. (1993) Analytical methods used in oil spill studies. Mar. Pollut. Bu1L 26, 
68-72. 
Cainelli, G. and Cardillo, G. (1984) Chromium 
OxidatiO17S ill Orgaific Chemistry. 
Springer-Verlag, Berlin. 
Carlsen, P. H. J., Katsuki, T.; Martin, V. S. and Sharpless, K. B. (198 1) A greatly improved 
procedure for ruthenium tetraoxide catalyzed oxidations of organic compounds. 
J Org. Chem. 46,3 93 6-3 93 8. 
202 
Chang, P.; Oka, M. and Hsia, Y. P. (1982) A computer programme, AMCLA, to analyse 
aromatic mixture and coal liquid. Energy Sources. 6,67-83. 
Clark (1992) Oil Pollution, Chapter 3, Marine Pollution Third Ed. Clarendon Press, 
Oxford, 28-52. 
Clerc, R. J., Hood, A. and ONeal, M. J. (1955) Mass spectrometric analysis of high 
molecular weight, saturated hydrocarbons. AnaL Chem. 27,868-875. 
Connan, J. (1984) In: Advances in Petroleum Geochemistry; 1, Brookes, J and Welte, D. 
Eds., Acaden-ýc Press, New York. 
Courtney, J. L. (1986) Ruthenium tetroxide oxidation. In: Organic Synthesis by 
Oxidation with Metal Compounds. Plenium, New York. 445-467. 
Dauben, W. G. and Hoerger, E. (1951) The cis-decahydro-2-naphthoic acids and their 
relationship to the cis-2-decanols and cis-2-decalylamines. J Am. Chem. Soc. 73, 
1504. 
Davies, N. J. and Wolff, G. A. (1990) The Mersey oil spill, August, 1989- A case of 
sediments contaminating the oil? Mar. Pollut. Bull. 21,481-484. 
Djerassi, C. and Engle, R. R. (1953) Oxidations with ruthenium tetroxide. J Am. Chem. 
Soc. 75,3838-3840. 
Donkin, P. and Widdows, J. (1986) Scope for growth as a measurement of 
environmental pollution and its interpretation using structure - activity 
relationships. Chem. Ind 732-737. 
Donkin, P.; Widdows) J.; Evans) S. V. - Worral, C. and Carr M. (1989) Quantitative 
structure - activity relationships for the effect of hydrophobic organic chemicals 
on rate of feeding by mussels (Mytihis edulis). Aquat. ToxicoL 14,277- 294. 
Donkin, P.; Widdows, J.; Evans S. V. and Brinsley, M. D. (1991) QSARs for sublethal 
responses of marine mussels (Mytilus edulis). Sci. TotaL Environ. 109/110,461- 
476. 
Dreescamp, H., Poternka, T. and Muller, A. (1989) Aspects of quantitative 13C- 
N. M. R. -spectroscopy of high boiling oil residuesand coal tar pitches. FueL 68, 
972-977. 
Eglinton, T. I.; Curtis, C. D. and Rowland, S. J. (1987) Generation of water soluble 
organic acids from kerogen during hydrous pyrolysis: Implications for porosity 
development. MineraL Mag. 51,495-503. 
Ehrhardt, M. G. and Petrick, G. (1984) On the sensitised photo-oxidation of 
alkylbenzenes in sea water. Mar. Chem. 15,47-58. 
203 
Ehrhardt, M. G. and Burns) K. A. (1990) Petroleum derived dissolved organic compounds 
concentrated from inshore waters in Bermuda. J Exp. Mar. Biol. Ecol. 138,9- 
34. 
Ehrhardt, M. G. and Weber, R. R. (1991) Formation of low molecular weight carbonyl 
compounds by sensitised photochemical decomposition of aliphatic hydrocarbons 
in sea water. Fresenius'Z AnaL Chem. 339,772-776. 
Faller. J.; HOhnerfuss, H.; K6nig, W. A. and Ludwig, P. (1991) Gas chromatographic 
separation of the enantiomers of marine organic pollutants. Mar. Pollut. Bull. 22, 
82-86. 
Farrington, J. W.; Davis, A. C.; Frew, N. M. and Knap, A. (1988) ICES/IOC 
Intercomparison exercise on the determination of petroleum hydrocarbons in 
biological tissue (mussel homogenate). Mar. Pollut. Bull. 19,372-380. 
racasiu, M. and Rubin, BR. (1987). Aliphatic elements of structure in petroleum 
residues. Energy Fuels. 1,381 - 386. 
Gearing, P. J.; Gearing, J. N.; Pruell, R. J.; Wade, T. L. and Quinn, J. G. (1980) Partitioning 
of No. 2 fuel oil in controlled estuarine ecosystems. Sediments and suspended 
particulate matter. Enviroti. Sci. Technol. 14,1129-1136. 
Gilfillan, E. S., Mayo, D. W., Page, D. S., Donovan, D. and Hanson, S. (1977) Effects of 
varying concentrations of petroleum hydrocarbons in sediments on carbon flux in 
Mya arenaria. In: Physiological Responses of Marine Biota to Pollutants. 
Vernberg, F. J., Calabrese, A., Thurberg, F. P. and Vernberg, W. B. Academic 
press, New York. 29-461. 
Gough, M. A. (1989) Characterisatioii of Unresolved Complex Mixtures of 
Hydrocarbotis. PhD Thesis, Polytechnic South West, Plymouth, UK. 
Gough, M. A. and Rowland, SI (1990) Characterisation of unresolved complex mixtures 
of hydrocarbons in petroleum. Natin-e (London). 344,648-650. 
Gough, M. and Rowland, SI (1991) Characterisation of unresolved complex mixtures 
of hydrocarbons from lubricating oil feedstocks. Energy Fuels. 5,869-874. 
Gough, M. A., Rhead, M. M. and Rowland, S. J. (1991) Biodegradation studies of 
unresolved complex mixtures of hydrocarbons: Model UCM hydrocarbons and 
the aliphatic UCM. Org. Geochem. 18,17-22. 
Gray, M. R. (1994) Upgrading Petroleum Residues and Heavy Oils. Marcel Dekker, 
NY. 
Grimalt, J. O.; Torras, E.; and Albaiges, J. (1986) Bacterial reworking of sedimentary 
lipids during sample storage, In: Advatices iii Orgalfic Geochemistry, 1987, Eds. 
Mattavelli, L. and Novelli, L., Pergamon Press, Oxford; 741-746. 
204 
Haines, A. H. (1985) Methods for the Oxidation of Orgatfic Compowids, Academic 
Press. 
Hansen, H. P. (1975) Photochemical degradation of petroleum hydrocarbon surface films 
on sea water. Mar. Chem. 3,183-195. 
Heath, D. J. (1995) Characterisation of Waxy Condensates by High Temperature Gas 
Chromatography and Oxidative Degradation. PhD Thesis, University of 
Plymouth, Plymouth, UK. 
Hobbs Jr. C. C. and Houston, B. (1954) Chromyl chloride oxidation of saturated 
hydrocarbons. J Am. Chem. Soc. 76,1254-1257. 
Hood, A. and O'Neal, M. J. (1959) Status of application of mass spectrometry to heavy 
oil analysis. In: Advances in Mass spectronieýtry. Waldron, J. D. (ED), Academic 
Press,, London. 
Hood, A., Clerc, R. J. and ONeal, MI (1959) The molecular structure of heavy 
petroleum compounds. J Inst. Petrol. 45,168-173. 
IP 391/90. Determination of aromatic hydrocarbon types in diesel fuels and distillates- 
High performance liquid chromatography refractive index detection method. 
Isley, W. H., Zingaro, R. A. and Zoeller Jr, J. H. (1986) The reactivity of ruthenium 
tetroxide towards aromatic and etheric functionalities in simple organic 
compounds. Fitel. 65,1216-1220. 
Jones, P. Personal Communication. Department of Environmental Sciences, University 
of Plymouth, Plymouth, UK. 
Kemp, W. (1991) Ultraviolet and visible spectroscopy, Chapter Four. Organic 
Spectroscopy, Third Edition. Macmillan Education Ltd., 243 -284. 
Killops, S. D. and AI-Juboori, M. A. H. A. (1990) Characterisation of the unresolved 
complex mixture (UCM) in the gas chromatograms of biodegraded petroleums. 
Org. Geochem. 15,147-160. 
Kbnig, W. A., Lutz, S.; Colberg, C.; Schmidt, N.; Wenz, G.; von der Bey, E.; Mosandl, 
A.; Gbrither, C. and Kustermann, A. (1988) Cyclodextrins as chiral stationary 
phases in capillary gas chromatography. Part III: Hexakis (3-0-acetyl-2,6-di-0- 
pentyl)-_-cyclodextrin. J High Resolut. Chromatogr. Chromatogr. Comnum. 11, 
621-625. 
K6nig, W. A. (1992) Gas Chromatographic Enantionier Sepai-ation with Modified 
Cyclodextrins. HUthig Buch Verlag, Heidelberg. 
I 
Kuchhal, R. K.; Kumar, B.; Muthur, H. S. and Joshi, G. C. (1986) Quantitative analysis of 31 
ii-alkanes in kerosines by capillary gas chromatography. J Chromatogr. 361, 
269-278. 
205 
Larson, R. A., Hunt, L. L. and Blankenship, D. W. (1977) Formation of toxic products 
from a #2 fuel oil by photooxidation. Environ. Sci. TechnoL 11,492-496. 
Larson, R. A., Bott, T. L., Hunt, L. L. and Rogenmuser, K. (1979) Photooxidation 
products of a fuel oil and their antimicrobial activity. Environ. Sci. TechnoL 13, 
965-969. 
Lee, D. G. and Van Den Engh, M. (1973) The oxidation of organic compounds by 
Ruthenium Tetroxide. In: Oxidation in Organic Chemistry Part B (Ed. 
Trahenovsky). 58,177-227. 
Lewis, C. A. (199 1) 'Quick Basic' T-branch program. University of Plymouth, UK. 
Mallaya, N. and Zingaro, R. A. (1984) Ruthenium tetroxide- A reagent with the potential 
for the study of oxygen functionalities in coal. Fuel. 63,423-425. 3 
Menges, R. A.; Spino, L. A. and Armstrong, D. W. (1993) Separation and characterisation 
of components of catalytic cracker feed using centrifugal partition 
chromatography. Anal. Chem. 65,2873-2877. 
McLafferty, F. W. and Turecek, F. (1993) Interpretation ofMass Spectra, fourth edition. 
University Science Books, California. 
Middleditch, B. S. (1989) Analytical Artifacts. Elsevier, New York, USA. 
Netzel, D. A. and Guffery, F. D. (1989) NMR and GC-MS investigation of the saturate 
fractions from the Cerro Negro heavy petroleum crude. Energy Fuels. 3,455- 
460. 
Nickless, G. Personal Communication. School of Chemistry, University of Bristol, 
Cantock's Close, Bristol, UK. 
NRA (1995) Oil drive starts. In Water Guardian, February/March. Ed. Harrison, D. 
Olson, E. S. and Diehl, J. W. (1984) Ruthenium tetroxide oxidation of lignite. Fuel. 63, 
210-216. 
Olson, E. S.; Diehl, J-W.; Froehlich, M. L. and Miller, D. J. (1987) Elucidation of aliphatic 
structures in low rank coals with ruthenium tetroxide oxidations. FueL 66,968- 
972. 
Oudot, J. and Dutrieux, E. (1989) Hydrocarbon Weathering and Biodegradation in a 
tropical estuarine -ecosystem. Mar. Env. Res. 27,195-213. 
Peters, K. E. and Moldowan, J. M. (1991) Effects of source, thermal maturity, and 
biodegradation on the distribution and isomerisation of homohopanes in 
petroleum. Org. Geochem. 17,47-61. 
206 
Pedersen, K. S.; Fredenslund, A. and Thomassen, P. (1989) Properties of oils and natural 
gases. In: Contributions in Petroleum Geology and Engineering, Vol 5, Gulf 
Publishing Company. 
Pering, K. L. and Ponnamperuma, C. (1971) Aromatic hydrocarbons in the Murchison 
meteorite. Science. 173,237-239. 
Peters, K. E. and Moldowan, J. M. (1993) Ae Biomarker Guide, Prentice-Hall, New 
Jersey. 
Philip, C. V. and Anthony, R. G. (1986) Separation of coal liquids by size exclusion 
chromatography/gas chromatography (SEC/GC). J Chromatogr. Sci. 24,438- 
443. 
Philp, R. P. and Calvin, M. (1976) Possible origin for insoluble cell-wall materials of algae 
and bacteria. Nature (London). 262,134-136. 
Porter, QN. and Baldas, 1 (1971) Allass Spectrometry of Heterocyclic Compounds. 
Wiley, N. Y. 
Readman, J. W.; Preston, M. R. and Mantoura, R. F. C. (1986) An integral technique to 
quantify sewage, oil and PAH pollution in estuarine and coastal environments. 
Mar. Poll. Bull. 17) 298-308. 
Revill, A. T. (1992) Characterisation of Unresolved Complex Mixtures of Hydrocarbons 
by Degradative Methods. PhD thesis, Polytechnic South West, Plymouth, LJK. 
Revill, A.; Carr, M. and Rowland, S. J. (1992) Use of oxidative degradation followed by 
capillary gas chromatography-mass spectrometry and multidimensional scaling 
analysis to finger print unresolved complex mixtures of hydrocarbons. J 
Chronialogr. 589,281-286. 
Roberts, 1. (1995) Supercritical Fluid Chromatography. In: Chromatography ill the 
Petroleum Industry, Ed. Adlard, E. R. Elsevier, Amsterdam. 305-343. 
Rose, M. E. and Johnstone, R. A. W. (1982) Mass Spectroniefly for Chemists atid 
Biochemists. Cambridge University Books. 
Rossini, F. D.; Mair, BI and Streiff, AI (1953) Hydrocarbons ftom petroleum (API 
Research project 6). ACS Monograph series, Reinhold, NY, USA. 
Rubey, W. A. and Mazer, S. L. (1986) Analysis of turbine engine fuels and complex 
organic mixtures using a multidimensional GC and GC-MS system. Pittsburgh 
Cotiferetice. 
Rubey, W. A. (1993) Instrumental factors associated with implementing the thermal 
gradient programmed gas chromatography (TGPGC) mode of operation. 
Pittsburgh Cot7ference. 
207 
Shimadzu Corporation Chromatopac C-R4A Instruction manual, Shimadzu Corporation, 
Analytical Instruments Plant Kyoto, Japan, 197. 
Spitzer, U. A. and Lee, D. G. (1974) Oxidation of hydrocarbons V. Oxidation of 
naphthalenes by ruthenium tetroxide. J Org. Chem. 39,2468-2469. 
Spitzer, U. A. and Lee, D. G. (1975) Oxidation of hydrocarbons VII. Kinetics of the 
oxidation of naphthalenes by ruthenium tetroxide. Can. J Chem. 53,2865-2868. 
Standen, G. (1992) Carbon Skeletal Typing of Sedimentary Organic Matter. PhD 
Thesis, University of Bristol, Bristol, UK. 
Standen, G.; Boucher, R. J.; Rafalska-Bloch, J. and Eglinton, G. (1991) Ruthenium 
tetroxide oxidation of natural organic macromolecules: Messel kerogen. Chem. 
GeoL 91,297-313. 
Stock, L. M. and Tse, K. (1983) Ruthenium tetroxide oxidation of Illinois No. 6 coal and 
some representative hydrocarbons. Fuel. 62,974-976. 
Stock, L. M.; Tse, K. and Wang, S. (1985) The ruthenium (VIII) catalysed oxidation of 
Texas Lignite and Illinois No. 6 bituminous coal. The aliphatic and aromatic 
carboxylic acids. American Chemical Society Division of Fuel Chemistry. 30, 
493-502. 
Stock, L. M. and Wang, S. (1986) Ruthenium tetroxide catalysed oxidation of Illinois 
No. 6 coal. The formation of volatile monocarboxylic acids. Fuel. 64,1713-1717. 
Strausz,, O. P. and Lown, E. M. (1991) Structural features of Athabasca bitumen related 
to upgrading performance. Fuel Sci. TechnoL Im. 9,269-28 1. 
Tillotson, A. and Houston., B. (1950) Chromyl chloride oxidation of methylcyclohexane. 
J Am. Chem. Soc. 73,221-222. 
Tissot,, B. P. and Welte, D. H. (1984) Petroleum Formation and Occurrence, second 
edition, Springer-Verlag, Berlin. 
Trifilieff, S. (1987) Elude de la structure des fractions polaires de pitroles (risines et 
asphaNnes) par dýgradations chimiques selecth)es. PhD Thesis, Louis Pasteur 
University, Strasbourg. 
inear retention index Vassilaros, D. L.; Kong, R. C., - Later, D. W. and Lee, M. L (1982) L 
system for polycyclic aromatic compounds. Critical evaluation and additional 
indices. J Chromatogr. 252,1-20. 
Veith, G. D. ' 
Call, D. J. and Brooke, L. T. (1983) Structure-toxicity relationships for the 
fathead minnow, Piniephales promelas- Narcotic Industrial Chemicals. Call. J 
Fish. Aquat. Sci. 40,743-748. 
208 
Venkatesan, M. I. and Kaplan, I. R. (1982) Distribution and transport of hydrocarbons in 
surface sediments of the Alaskan Continental shelf Geochim. Cosmochim. Acta. 
46), 2135-2149. 
Volkman, J. K. and Maxwell, J. R. (1986) Acyclic isoprenoids as biological markers, In- 
Biological Markers in the Sedimentary Record, Methods in Geochemistry and 
Geophysics, 24. Ed., Jones, R. B., Elsevier, Amsterdam. 
Walton, H. F. (1992) Ion-exchange chromatography. In: Chromatography, 5th edition, 
Fundamentals and Applications of Chromatography and Related Migration 
Methods, edited by Heftmann, E. Elsevier, Amsterdam. 151-265. 
Widdows, J.; Donkin, P.; Salkeld, P. N. and Evans, S. V. (1987) Measurement of scope 
for growth and tissue hydrocarbon concentrations of mussels (Mytihis edillis) at 
sites in the vicinity of the Sullorn Voe oil terminal- A case study. In- Fate and 
Effects of Oil it? the Marit7e Ecosystems, Fuiper, J. and Van der Brink, W. J. 
editors, Martinus Nijhoff Publishers, Dordrecht, 269-277. 
Widdows, J. and Donkin, P. (1989) The application of combined tissue residue chemistry 
and physiological measurements of mussels (Mytihis edulis) for the assessment of 
environmental pollution. Hydrobiologia. 188/189,455-461. 
Widdows, J.; Burns, K. A.; Menon, N. R.; Page, D. S. and Sonia, S. (1990) Measurement 
of physiological energetics (scope for growth) and chemical contaminants in 
mussels (Arca Zebra) transplanted along a contamination gradient in Bermuda. J 
Exp. Mar. BioL Ecol. 138,99-117. 
Wraige, E. J.; Donkin, P. and Rowland, SI (1995) The effect of unresolved complex 
mixtures on the feeding rate of mussels (Mytihis edulis). - 4-Propyloctane. Aquat. 
ToxicoL to be submitted. 
Yamashita, G. T., Saetre, R. and Somogyvari, A. (1989). Evaluation of integration 
procedures for PNA analysis by 13C-NMR. Am. Chem. Soc. Pet. Chem. Prepr. 
34ý 301-305. 
209 
APPENDIX ONE 
UCM integration 
The percentage of resolved and unresolved peaks in GC chromatograms was estimated 
by electronic integration using the Shimadzu C-R4A integrator. Manual peaks detection 
and a 'time slice area measurement' function were used together with a BASIC program 
to sum the areas of each 'time slice' (Revill, 1992). 
1. Resolved peaks 
Parameters: 
width: 5 
drift. 10 000 
attenuation- 5 
method: 0840 
slope: automatic 
minimum area- 5 000 - 20 000 
Time program: 
0.01 L. on 
2.00 L. off 
2. Total 
(UCM + resolved peaks; for a UCM extending from to 12 mins to end of run) 
Parameters- 
width- 50 
drift- 1x 101i 
attenuation- 5 
method- 4010 
slope. automatic 
minimum area: 5 000 
Time program: 
0.01 L. on 
2.00 S=O 
12.00 pk. U 
36.00 pk. D 
60.00 pk. off 
BASIC program- 
10 PRINT NLA-XSL 
20 S=O 
30 FOR I= I TO MAXSL 
40 S=S+SLAR (1) 
50NEXTI 
60 PRINT S 
70 END 
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APPENDIX TWO 
Example mass balance calculations 
Mass balance was performed on both Cr02CI2 and Ru04 oxidations. DCM soluble 
oxidation products were quantified, mainly as methyl esters, by GC of a known amount 
of sample using methyl d4benzoate ester as an internal standard and expressed as a 
percentage of initial substrate. Acidic H20-soluble oxidation products were quantified, 
as their butyl esters, by GC of a known amount of sample using butyl d4benzoate ester 
as an internal standard and expressed as a percentage of initial substrate. C02 was 
estimated titrimetrically and expressed as a percentage of the total possible C02 
production. Example calculations: 
1. Ru04 oxidation of I-phenyldecane 
Average molecular weight: 218 
Therefore the total oxidation of 89.0 mg of I-phenyldecane will theoretically yield- 
Weight I- phenyldecane (g) 
Molecular weight (g) 
x Molecular weight CO, (g) x Carbon number 
0.089 
x 44 x 16 = 0.287g (287.4 mg) 218 
Observed value determined titrimetrically = 
Titration value (L) x Molar concentration HCI (M) x Molecular weight CO, 
29.5 xJ 0' x 0.05 x 44 = 64.9mg CO, 
Assuming a previously calculated trapping efficiency of 74 % then the amount of COý 
released = 87.7 mg 
... 
87. Y287.4 x 100 =3 1% 
2. Ru04 oxidation of HCO-monoaromatics 
Average molecular weight 260 
Assuming- 
C 13 
13 
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then the theoretical value for the complete oxidation of the above to C02: -- 
Weight HCO - mono (g) 
Molecular weight (g) 
x Molecular weight CO, (g) x Carbon number 
0.0605 
x 44 x 19 = 0.1945 g (194.5 mg) 260 
Observed value determined titrimetrically = 
Titration value (L) x Molar concentration HCI (M) x Molecular weight CO 2 
7.9 x 10-'x 0.05 x 44 = 17.4mg CO, 
Assuming a previously calculated trapping efficiency of 74 % then the amount Of C02 
released = 23.5 mg 
23. y 
1 94.5 x 100 = 12 
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APPENDIX THREE 
Quantification of UCMox. components by ICR 
(In collaboration with BP Research and Engineering, Sunbury-on Thames) 
Measurements on standards showed that two ionisation processes are significant for both 
methyl esters of monocarboxylic acids and dimethyl esters of dicarboxylic acids viz (a) 
proton abstraction and (b) proton abstraction followed by loss of methanol. Overall 
response factors, determined by summing the contributions from both processes, showed 
essentially the same smooth variation with carbon number for both classes of compound. By 
correcting peak intensities for this variation with carbon number, reasonable quantification 
of the relative abundance of both mono-acid methyl esters and di-acid dimethyl esters of 
given carbon number was achieved. Rather more tentatively, the relative abundance of the 
other, more unsaturated species that were detected, were estimated assuming that the same 
variation of response with carbon number applied to these also. 
In detail: 
A peak list (intensity vs. accurate mass) was generated from the calibrated spectrum 
(Figure 4.17). Each peak, along with its intensity, was assigned to a parent molecule, 
CnH2n+zOy, assuming that the ion giving rise to the peak was formed from the parent by 
loss of a proton; the values of n, z and y were determined from the closest match of 
measured mass and calculated masses for all permutations with z> -40 and y<8 
Examination of standards revealed that, while proton abstraction was the dominant process 
for methyl esters of mono carboxylic acids, additional ions were produced by further loss of 
methanol and, indeed, for dicarboxylic acid dimethyl esters these [M-H-CH30H]- ions were 
the dominant species. However, it was found that overall response factors; 
Intensity of [M-H]- + [M-H-CH30H] signal 
Concentration of parent molecule 
showed practically the same smooth variation with carbon number of the parent molecule 
for both mono- and di-acid ester parents (Figure 4.18); a quadratic fit to the response factor 
variation as a function of carbon number showed a standard deviation of less than 8%. The 
intensity assigned to each parent molecule was corrected for this variation of response with 
carbon number and the corrected intensities normalised to produce Tables 4.04-4.06. By 
combining the corrected intensity of the [M-H]- and the corresponding [M-H-CH30H] 
signals, reasonable quantification is ac hieved of the relative abundance of both mono-acid 
methyl esters and di-acid dimethyl esters of given carbon number. If 
it is assumed that 
response factors vary with carbon number in a similar manner 
for the other, more 
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Jetected, then the relative abundance of a wider range of 
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